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Abstract—The precipitation of bismuth(I11) from nitrate solutions on addition of aqueous solutions of tartaric
acid and sodium tartrate was studied by X-ray phase analysis, thermogravimetry, IR spectroscopy, and
chemical analysis. Conditions for the formation of [Bi(NO3)(H,0)5]C,H,0g and [Bi(C4H,Og)(C4H50g)] -

3H,0 were determined.

Bismuth(l11) compounds with tartaric acid and its
salts are widely used in medicine for treatment of
various diseases and aso in the synthesis of bismuth-
containing oxide materials [1, 2]. Usudly they are
prepared by precipitation of bismuth(l1) from nitrate
solutions with tartaric acid or its akali metal salts [3].
As the composition ot the precipitated products is
sensitive to the synthesis conditions [pH of the medi-
um, ratio of tartrate ions and bismuth(l11) in the aque-
ous phase, temperature, etc.], and tartaric acid itself
has several donor centers and four labile protons,
compounds of various compositions can be formed in
these systems. It was shown that bismuth(l1) can
form the following compounds with tartrate ions:
BiC4H507-nH,O [3, 4], Bi(OH),Bi(OH)(C4H30¢)
[5], and B|(C4H4OG)(C4H506)3H20 [4, 6] Reac-
tions of these compounds with solutions of ammonia
and of akali metal hydroxides and acetates yield
three-component complex compounds both insoluble,
eg., C4Hz06BIM (M = K*, Na’, Li*, NHp) [3],
[Bi(C4H406)2]NH4-nH20 [7], and soluble in water,
ed., C4H4O7BiNa [3], Na(B|O)2C4H306 and
Na(BiO)3;C4H,Og [8], Bi(HC4H4Og)s, and [Bi(OH)3-
C4H406% [9].

Bismuth(I111) compounds are usually synthesized by
hydrolytic processing of nitrate solutions obtained by
dissolution of metallic bismuth in HNO3. Therefore, it
is of practical interest to study the precipitation of
Bi(lIl) tartrate from nitrate solutions of the composi-
tion similar to that of the process solutions.

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

Precipitation of Bi(lll) was carried out by adding
agueous solutions of sodium tartrate C4H,OgNay, or
tartaric acid C4H606 to a solution of Bi(NO3)3 con-
taining (g I‘) Bi(ll1) 440 and free nitric acid 74.
The solution of Bi(NOs3)3 was prepared by dissolving
Vi 00 grade metallic bismuth (no less than 99.98% Bi)
in 9 M HNOg; its composition corresponded to solu-
tions usualy used in the technology of bismuth(lIl)
compounds. The volume ratio of the initial and final
bismuth-containing solutions was 1: 10; it was ad-
justed by adding distilled water. The experiments
were carried out in fluoroplastic vessels equipped with
dtirrers. The mixture was stirred for 2 h. After sedi-
mentation for 1 h, the precipitate was filtered off,
washed on the filter with distilled water, and dried in
air. The X-ray phase anaysis of the precipitated prod-
ucts was carried out on a DRON-3 diffractometer us-
ing Cuk,, rad| ation (rotation rate of the counter
0.5 deg min , | =1000). The DTA and TG curves for
the samples under study were taken on an MOM deri-
vatograph (Hungary) at a heating rate of 10 deg min™%,
The IR absorption spectra in the range 400-4000 cm
were recorded on a Specord IR-75 spectrophotometer.
Samples were prepared in the form of pellets with cal-
cined KBr. The electron micrographs of products were
taken on a JSMT-20 scanning microscope with a
200 A resolution. The specific surface area of the sam-
ples was measured by thermal desorption of argon,
monitored chromatographically. Macroamounts of
Bi(lI1) in the liquid and solid phases were determined
by EDTA titration using xylenol orange as indicator,
and its microamounts were determined photocolori-
merically in the presence of KI. The concentrations of
metal ions (Bi, Pb, Ag, Cu, Fe, Zn) were determined
by the atomic absorption method on a Saturn 2M
spectrophotometer. The precipitated products were
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Fig. 1. Degree of Bi(lll) precipitation R as a function of the
molar ratio n of tartrate ions to Bi(lll) in solution. Agents
added to a bismuth-containing solution: (1, 2) tartaric acid
and (3, 4) sodium tartrate. Temperature, °C: (1, 3) 23 and
(2, 4) 60.

preliminarily dissolved in HNO3 (1: 1). The concen-
tration of nitrate ions was determined photometrically
with sodium salicylate after dissolution of the precipi-
tates by treatment with a sodium hydroxide solution
(2 M) a 70-90°C.

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

According to the X-ray analysis (Fig. 2), the basic
nitrates [BigO4(OH)4](NO3)g- 4H,0 (23°C) and [Big-
O4(OH)4(NO3)g- H,0O (60°C) are formed in the sys-
tem in the absence of tartrate ions. The X-ray patterns
of these compounds (Fig. 2, curves 1, 2) contain the
characterigtic diffraction pesks: d/n 1.68, 2.11, 2.39,
2.77, 2.82, 3.30, 3.81, and 8.42 A for the tetrahydrate
and 151, 1.73, 2.17, 250, 2.84, 3.75, 4.31, and
7.37 A for the monohydrate [10, 11]. The precipitates
obtained at the initial molar ratio of tartrate ions and
bismuth in solution less than 1 are X-ray amorphous;
in this case, Bi(lll) seems to be precipitated as a mix-
ture of oxohydroxonitrate and nitratotartrate. At n
equal to 1, diffraction peaks with d/n 2.24, 3.72, 5.57,
and 10.92 A are clearly seen in the X-ray patterns of
the precipitates (Fig. 2, curve 3). This pattern does not

correspond to any of the known bismuth compounds.
However, according to the chemical analysis, the
samples contain (%) Bi 49.00, C 9.74, H 1.42, and
N 2.46; the molar ratio of Bi(lll) and tartrate and ni-
trate ions in the precipitate is 1:1.1:1.2, which
suggests that, under these conditions, a compound of
the composition [Bi(NO3)(H,0)3]C4H,Og mainly
precipitates. The possibility for its formation was
reported in [12].

The precipitates obtained at 23°C and n no less
than 2 and also a 60°C and n no less than 3 consist
of a compound with the composition [Bi(C4H4Og)-
(C4H50g)] - 3H,0, which contains two different tar-
trate ligands, (+)-tartrate” and (+)-tartrate2‘. This is
confirmed by the X-ray phase and chemical analyses.
The diffraction peaks characteristic of this compound
(d/n 1.84, 2.15, 2.46, 3.31, 4.36, 6.74, and 9.08 A) [6]
are present in the X-ray pattern (Fig. 2, curve 4), and
the molar ratio of Bi(lll) and tartrate ions in the pre-
Cipitate is 1:2 (the product contains 37.00% Bi,
17.61% C, and 2.64% H). The orthorhombic crystal
structure of this compound (space group P2,2,2,) in-
cludes a three-dimensional network with bridging and
chelating bonds of polydentate hydroxocarboxylate
ligands, and the coordination number of Bi(lll) is
4 [6].

The thermal (DTA, TG, DTG) analysis of Bi(lll)
oxohydroxonitrates and tartrates in air reveals a num-
ber of endo- and exothermic stages, demonstrating
the possibility of obtaining a-Bi,O3 by thermal de-
composition of Bi(lll) tartrates. Comparison of the
thermograms of the samples obtained by Bi(lll) pre-
cipitation from nitrate solutions in the absence of
tartaric acid (Fig. 3a) and at n equal to 1 (Fig. 3b) and
5 (Fig. 3c) shows that the total weight loss increases
with increasing n. This is due to an increase in the
content of tartrate ions in the precipitated products.
The thermal analysis of bismuth(l11) oxohydroxoni-
trate reveals stepwise dehydration, dehydroxylation,
and decomposition of nitrate with the formation of
Bi,O3 [13]. The therma decomposition of Bi(lll)
nitratotartrate starts from water removal (endothermic
effect at 100°C) and decomposition of nitrate and tar-
trate ions (exothermic effects at 130, 240, and 320°C).
Bismuth(l11) tartrate trihydrate obtained at n = 5 loses
weight in two stages: first water is removed (endo-
thermic effect a 140°C), and then tartrate ions de-
compose with endothermic effects at 270 and 340°C.
It is seen from the thermograms that heating of all the
samples gives Bi,O5 as the final product. The endo-
thermic effect at 730°C is due to the polymorphous
transition of a-Bi,O5 into the high-temperature modi-
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Fig. 2. Diffraction patterns of Bi(lll) precipitates obtained
from nitrate solutions by adding (1, 2) water and (3, 4) tar-
taric acid. (I) Signal intensity and (6) Bragg angle. n:
(14, 2) 0, (3) 1, and (4) 5. Temperature, °C: (1) 23 and
(2-4) 60.
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fication B-Bi,O3, and the endothermic effect at 820°C
is due to melting of Bi,O3 [14]. To transform Bi(lll)
oxohydroxonitrate into the oxide, it is necessary to
calcine it at a temperature of no less than 540+ 20°C,
whereas Bi(lll) tartrates can be transformed into the
oxide by their therma decomposition at 320+ 20°C.

The study of the effect exerted by pH of the medi-
um on the degree of Bi(lll) precipitation has shown
that, at the molar ratio of tartrate ions and Bi(lll)
equal to 2.1, 23°C, and the concentration of H* ions

€Y
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T

Fig. 3. Thermograms of Bi(lll) precipitates obtained from
nitrate solutions by adding (a) water and (b, c) tartaric
acid. 23°C; sample weight 200 mg. (Am) Weight loss and
(r) time. n: (@ O, (b) 1, and (c) 5.

of 0.073, 0.34, 0.41, 0.61, 1.03, and 1.33 M the con-
centration of B|(III) in solution is 20.9, 2.6, 1.0, 2.1,
115, and 12.8 gI , respectively, i.e., the maximal
degree of Bi(lll) precipitation (97.5%) is reached at
the 0.4-0.5 M concentration of hydrogen ions. The
concentration of free nitric acid in precipitation of
bismuth ditartrate by adding tartaric acid to a solution
of Bi(NOg)3 is 0.75 M. To achieve the maximal pre-
Cipitation, it is necessary to neutralize the solution by
adding NaOH or NH3-H,0. However, the degree of
Bi(lll) precipitation sharply decreases at the concen-
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Fig. 4. IR absorption spectra of (1) tartaric acid, (2) sodium

tartrate, (3) [Bi(NO3)(H,0)3]1C4H,Op, and (4) [Bi(C4H,Op)-
(C4H50g)]-3H,0. (A) Absorption and (v) wave number.

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

The degree of Bi(lll) precipitation as a function of
the concentration of sodium tartrate is plotted in
Fig. 1 (curves 3, 4), which shows that this degree first
increases, passes through a maximum at the molar
ratio of tartrate ions and Bi(lll) of 1.6 (R = 98%), and
then sharply decreases, i.e., the precipitate dissolves.
Such a pattern is due to the capability of Bi(lll) to
form water-soluble complexes with tartrate ions. The
increase in the sodium tartrate concentration initially
results in the precipitation of basic Bi(lll) nitrates and
tartrates of various compositions. The chemical analy-
sis has shown that the products precipitated at n 1
and 2 contain, respectively (%): Bi 49.7, Na 1.43,
NO3 11.32 and Bi 35.0, Na 6.1 and NO3 17.13. The
sodium-bismuth(I11) molar ratio in the precipitate is
0.25 and 1.5, respectively. At n> 2 (23°C) and n > 3
(60°C), the degree of Bi(lll) precipitation sharply de-
creases, which is due to formation of water-soluble
Bi(HC4H,Og); complex ions [9].

The IR absorption spectra of bismuth(l1) tartrates
were compared to those of tartaric acid and its sodium

salt. The carboxy groups in the IR spectrum of tartaric
acid (Fig. 4, curve 1) give a broad band in the range
3300-2500 cm™ corresponding to O-H stretching
vibrations of carboxy groups bound in dimers. A band
with a maximum at 1720 cm 2 corresponds to stretch-
ing vibrations of the C=0O bonds of free carboxy
groups. A band with well-defined maxima at 3320 and
3400 cm ! corresponds to stretching vibrations of
hydroxy groups involved to various extents in the
hydrogen bonding.

The IR spectrum of sodium tartrate C,H,OgNay
(Fig. 4, curve 2) contains bands of the COO™ group
with C-O bonds of the order 1.5 at 1610 (asymmetric
stretching vibrations) and 1410 cmt (symmetric
stretching vibrations), indicating the transformation of
the carboxy groups to the anionic form. A broad band
with several maxima in the range 3560-3200 cm™t
corresponds to hydroxy groups involved in various
hydrogen bonds and to molecular water present in
a certain amount in the associated form.

A similar IR pattern is observed with the compound
[Bi(NO3)(H,0)5]C4H4O¢ obtained at the 1:1 molar
ratio of tartrate ions and Bi(lll) (Fig. 4, curve 3).
However, along with the absorption bands of the de~
protonated carboxy group (1590 and 1390 cm )
broadened bands in the range 1400-1280 cm™ 1 and
a pronounced shoulder at 1310 cm™ 1 are observed in
the spectrum, which most likely originate from the
absorption of nitrate ions. A broad band with a pro-
nounced maximum at 3400 cm! is due to the O-H
stretching vibrations of water molecules and hydroxy
groups of tartrate ions involved in hydrogen bonding.

Similar to the spectrum of tartaric acid, the IR
spectrum of bismuth ditartrate (Fig. 4, curve 4) con-
tains, aong with the absorpti on bands of carboxylate
groups (1590 and 1390 cm™ ) aso the bands of
carboxy groups:. a broad band in the range 3200-
2400 cm™, which corresponds to the stretching vibra-
tions of OH groups of carboxylic acids mvolved in
hydrogen bonding, and a band at 1720 cm of the
stretching vibrations of the C=0 bond in the carboxy
group. This spectral pattern is quite consistent with
the composition [Bi(C4H40g)(C4H50g)] - 3H,0.

The electron micrographs (Fig. 5a) show that
Bi(lI1) nitratotartrates obtained at 23 and 60°C consist
of relatively large aggregates of the size from 3 to
40 pm, with signs of a block structure. The aggregates
consist of smaller crystals. Bismuth(I11) ditartrate tri-
hydrate obtained at 23°C consists of oriented inter-
grown pieces of elongated prismatic (almost needle-
like) crystals of the size of about 3-10 um, whereas
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crystals of the product obtained at an elevated tem-
perature (60°C) have a size of 20-60 pum (Fig. 5c).

When Bi(lll) is precipitated from nitrate solutions
by adding a sodium tartrate solution, an X-ray amor-
phous product is aobtained; its aggregates, having a
size of 1-5 pm, consist of submicrometer X-ray
amorphous particles (Fig. 5d). The specific surface
areas of sodium tartrates obtained at 23 and 60°C are,
respectively, for the nitratotartrate 0.8 and 0.7, for the
ditartrate 0.6 and 0.4, and for the sodium-containing
tartrate 1.5 and 1.1 m® g%, i.e., the specific surface
area of Bi(lll) tartrates decreases with increasing
temperature.

Bismuth(l11) compounds are usually synthesized
from nitrate solutions starting from Vi-1 grade bis-
muth which contains Ag and Pb as the main impuri-
3H,0 was precipitated by adding tartaric acid to a
solution of Bi(NO3)3 at 23+1°C and the 5: 1 ratio of
tartrate ions to Bi(lll) in solution. Enlarged tests were
carried out with a Bi(lll)-containing solution, which
was obtained by dissolving Vi-1 grade bismuth con-
taining 0.06 wt % Ag and 1.2 wt % Pb. The mixture
was stirred for 2 h and settled. The mother solution
containing 0.69 g1t of Bi(lll) was separated by
decanting. The precipitate of Bi(lll) tartrate was
washed with one portion of a nitrate solution with
pH 1.0 and two portions of distilled water. The result-
ing Bi(lIl) tartrate contained (wt %) Pb 0.55, Ag 1.5 x
104 Cu25x 104 Fe 1.0 x 1073, and Zn 2.5 x 1074,
i.e., the removal of Pb(Il) from Bi(lll) was inefficient.
Therefore, to synthesize high-purity Bi(lll) tar-
trate, it is necessary to use the Vi 00 grade metd
(299.98% Bi) or to preliminarily remove impurity
metal ions by precipitating Bi(lll) from nitrate solu-
tions as its oxohydroxonitrate [15]. To remove im-
purity metal ions from Bi(lll), we diluted the initial
nitrate solution by a factor of 2 with distilled water
and added a 2.5 M solution of (NH,4),CO3 with stir-

ring to the solution containing 220 g I=* of Bi(111) and
37 g1 of free HNOg, until pH of the pulp became
0.9. The precipitate was washed with two portions of
distilled water, and the resulting oxohydroxonitrate
[BigOg(OH)3](NO3)5- 3H,0 was dissolved in 6.0 M
HNO3. The precipitation of Bi(lll) ditartrate trihydrate
by adding tartaric acid to the resulting solution under
the above-mentioned conditions gave a product con-
taining (wt %) Pb 5.0x 10 Ag 3x107% Cu2x 1075
Fe 1.0x 104 Zn 8x 10> and Ca, Mg, and Na
<1.0x 1074,

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

CONCLUSIONS

(1) It is appropriate to synthesize the Bi(lll) ditar-
trate [Bi(C4H4O0g)(C4H50g)] - 3H,0 by its precipita-
tion from bismuth-containing nitrate solutions by ad-
ding tartaric acid at the molar ratio of tartrate ions and
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Bi(lll) in solution no less than 2, H™ concentration
of 0.4-0.5 M, and temperature of 22+3°C.

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

(3) Bi(lll) is precipitated as the nitrotriaquatartrate
[Bi(NO3)(H,0)5]C4H4Of from a solution with the
1:1 molar ratio of tartrate ions and Bi(lll), whereas
the precititation with sodium tartrate gives sodium-
containing tartrates.
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Abstract—The interaction of titanium tetrachloride vapor with products formed in thermal decomposition
of basic magnesium carbonate in the temperature range 200-800°C was studied.

Published data on modification of magnesium-con-
taining solid matrices with titanium tetrachloride show
that application of the gas-phase technique is mainly
limited to pure magnesium oxide [1-6]. Other mag-
nesium compounds are mostly modified in the liquid
phase. In synthesizing magnesium oxide, various hy-
droxocarbonate compounds with different phase com-
positions and structural characteristics have been ob-
tained and characterized [7]. In view of the wide use
of compounds of this kind in catalysis, as fillers, and
as binder components [2, 3, 8, 9], it is of current inter-
est to consider the possibility of gas-phase modifica-
tion of these compounds with titanium(IV) chloride.

EXPERIMENTAL

The samples used in the study were obtained
by therma decomposition of basic magnesium carbo-
nate [ultrapure grade, TU (Technical Specifications)
6-09-2118-77] in a flow of dried air (flow rate
50 ml min~1) for 4 h at a temperature chosen from
the range 200-800°C. X-ray phase analysis of prod-
ucts formed in therma treatment was made with a
DRON-2 diffractometer (Ni-filtered CuK, radiation,
range of angles 6 2°-40°) using the ASTM file. The
specific surface area of the initial samples was deter-
mined by the method involving low-temperature ad-
sorption of air [10]. The reaction of titanium tetra-
chloride with products formed by thermally induced
transformations of basic magnesium carbonate was
studied at 200°C on a thermogravimetric setup with a
quartz spring balance with the spring stretching factor
of 3.33 mgg . With 0.10-0.12-g samples, this al-
lows monitoring to within +0.5 mg g‘1 of mass
changes under conditions of a continuous supply of
reagent vapor and removal of gaseous reaction prod-

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

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

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

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

Phase according to ASTM Size of coherence
T, °C d/n, nm Mg, % domain. nm
d/n, nm g, % ’
MgO- 2MgCO,

Initial sample 0.598 100 0.605 100

0.300 10 0.301 25

0.226 15 0.226 35

0.212 35 0.212 70

0.200 10 0.200 20

MgO- 2MgCO,

200-300 0.606 33 0.605 100

0.348 18 0.350 85

0.227 5 0.226 35

MgO

400 0.210 100 0.210 100
0.150 45 0.149 52 4.3

500 0.243 5 0.243 10
0.211 100 0.210 100 6.6

0.150 43 0.149 52

600 0.243 6 0.243 10
0.210 100 0.210 100 9.1

0.149 43 0.149 52

800 0.243 6 0.243 10
0.211 100 0.210 100 15.6

0.150 48 0.149 52

*

T, calcination temperature; d/n, interplanar spacing; 1/l relative intensity.

adsorbed reagent and gaseous reaction products the magnesium oxide phase, aong with the exchange
(Fig. 1a). This suggests complete binding of the gase-  reaction between the gaseous reagent and surface
ous reagent with the magnesium-containing com-  functional groups,

pounds of the given series.

As noted in [1, 2, 5], in samples containing solely -Mg-O-H + TiCl; - -Mg-O-TiCl; + HCl, (1)

Am, mgg?t ; @) I Am mgg?t 1 (b) /7
500 . 58k o ooo-baT-o-o-0-o-o— a )

] ' 6
400 | At A MO—Q— OO0 R ], 5

| 2.0 3
300 : 4
200 1.2
100

0.4 fi
‘ 1 1 1 l 1 1 1 1
50 100 150 200 t, min 50 100 150 200 T, min

Fig. 1. (@ Change in sample mass, Am, in reaction with TiCl, vapor at 200°C and (b) that related to unit area of the initial
surface. (I) Stage of TiCl, chemisorption and (I1) stage of removal of physically adsorbed reagent. Sample preparation tempera-
ture (°C): (1) 200, (2) 300, (3) 400, (4) 500, (5) 600, and (6) 800.
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Table 2. Chemical composition of products formed in reaction of TiCl, with products of thermal transformations of basic

magnesium carbonate

Content, mmol gt
T, °C Sy Mgt - S Cl/Ti Tig aomsnm2 TigNr;
200 15 0.24 1.21 5.04 9.99 35
300 17 0.34 1.42 4.18 12.58 4.4
400 240 2.18 9.11 4.18 8.01 2.8
500 215 1.80 7.35 4.08 6.98 2.4
600 110 1.44 5.70 3.96 9.93 35
800 80 1.00 4.05 4.05 9.03 3.2

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

MgO + 2HCl - MgCl, + H,0, )
©)

4

-Mg-O-H + HCl —» -Mg-Cl + H,0,

~Mg-O-H + TiCl; - -Mg-Cl + Ti(OH)Cl,,
A05TiO,,

MgO + TiCl, — MgCl, + TiOCl, ()

N
0.5TiCl,,.

Formation of E-Cl groups was observed in reac-
tions of vapors of volatile chlorides and hydrogen
chloride with Al,O3 and ZnO matrices, which are
characterized by mainly ionic type of E-O bonds and
contain basic centers, in addition to acid centers, on
the surface [13-17].

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

Am = MTITI + MC|C|, (6)
where Amis the gain in mass (mg g ~1); Ti, the content
of titanium in a sample (mmol g™%); My, the molar
mass of titanium (g mol~ 1); Mg, the molar mass of
chlorine (g mol™ ) Cl, the content of chlorine in a
sample (mmol g™3).

The calculated gain in mass was compared with
that determined experimentally during the reaction
and and upon its completion by measuring the sample
mass (Table 3). For samples obtained at 400-800°C,
the calculated and experimental changes in mass are
in good agreement, suggesting that, for the given

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76

samples containing solely the magnesium oxide phase,
the interaction with TiCl, also proceeds via exchange
reactions [1-5].

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

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

2MgCO; + TiCl, = 2MgCl, + TiO, + CO,. (7)

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

Am,gg?
0.6F ,
Ti
130
0.4F
120
2
02F
I q10
300 500 700 T, °C

Fig. 2. (1) Gain in mass, Am, and (2) content of titani-
um(lV), Ti, in the product formed upon interaction with
TiCl, vapor vs. sample preparation temperature, T.

No. 1 2003
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Table 3. Gain in sample mass upon interaction of TiCl,
with basic magnesium carbonate calcined at 200—-800°C

Gain in mass, mg g
T °C | calculated, | experimental, | 2M/AMe
Amg Amexp
200 46.95 37.04 1.27
300 66.63 47.82 1.39
400 427.37 463.37 0.92
500 346.78 384.97 0.90
600 271.04 261.36 1.04
800 191.47 201.29 0.95

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

Gibbs energy
Reaction AG, kJmol,
a 200°C
Mg(OH),+TiCl, —> MgCl,+TiO,+2HCI | -129.9
2MgCO,+TiCl, — 2MgCl,+TiO,+2C0O, | -136.8
2MgO+TiCl, — 2MgCl, + TiO,(anatase) -172.6
MgO+2HCI —> MgCl, +H,0 716

To verify this assumption, we calculated the
amount of CO, that can be removed by topochemical
reaction (7). According to differential-thermal analysis
of the starting compound, the content of CO, in the
products formed upon thermal treatment at 200 and
300°C is, respectively, 15.7 and 19.3 mg g [7],
which is close to the difference between the calcul ated
and experimental gain in mass in interaction of the
matrices with T|CI 4 Vapor, equal to, respectively, 17.4
and 18.8 mg g L. At temperatures higher than 400°C,
when decomposmon of magneisum carbonate in the
initial matrix is virtually complete, satisfactory agree-
ment is observed between the gains in mass calculated
from chemical analysis data and found experimentally.

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

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

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

The effective landing area w for TiCl, molecules
was calculated using the Brunauer—Emmett formula
[19]

w = 1.091(M/N, p)23, (8

where w is the landing area for a molecule (nm?); M,
the molar mass of the chIorlde (g mol™dy; Np, Avo-
gadro’'s constant (at mol‘) and p, the density of
liquid TiCl, (gcm™ )

For titanium tetrachloride, the landing area
w = 1.091(190/6.02 x 1023 x 1.728)%3 = 0.35 nmZ (9)

The limiting content of titanium(1V) in the monolayer
is, correspondingly, given by
Ny = Uw = 2.86 at nm2. (10)
For al the samples, the experimentally found con-
tent of titanium, Tig exceeds the calculated mono-
layer concentration on the surface (Table 2). Thus, the
interaction of TiCl both with intermediates formed in
thermal transformation of basic magnesium carbonate
and with magnesium oxide under the temperature
conditions of the process, considered here, involves,
in addition to exchange reactions at the surface, topo-
chemical transformations accompanied by formation
of a product layer, presumably composed of bulk
magnesium chloride and titanium dioxide.

CONCLUSIONS

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

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 1 2003
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(2) The general pattern involves, together with sur-
face reactions, topochemica conversions accompanied
by formation of a product layer presumably composed
of bulk magnesium chloride and titanium dioxide.
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Abstract—Thermal expansion of niobium phosphates, new representatives of the family of structural analogs
of [NaZr,(PO,)s], was studied. These compounds possess high thermomechanical stability because of the
unique ability of their structure to expand-contract along different crystallographic directions under thermal

treatment.

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

The family of phosphates, structural analogs of
NaZr,(PO,4)3 (NZP, Nasicon), known from the 1980s,
iS unique in behavior of its representatives under
heating. Their structure is characterized by expansion—
contraction along different crystallographic directions,
which leads to low average thermal expansion for
most of them. Moreover, the ability of their structure
to incorporate strongly diverse cations (with oxidation
state in the range from +1 to +5) because of the broad
isomorphism ensures formation of a large number of
compounds and solid solutions with controllable
properties, including thermal properties. Therefore,
phosphates of the NZP family are of indubitable in-
terest for materials science specialists.

The structure of NaZr,(PO,4)3 and its analogs [1],
which can be regarded as a derivative of the structure
of iron sulfate Fe,(SO,)5 [2, 3], is formed by a tetra-
hedral-octahedral framework of the [To(PO4)]™ type,
composed of PO, and TOg groups sharing common
oxygen vertices, where T stands for elements in vari-
ous oxidation states, and n is the framework charge.
Cations are connected in the framework by strong
covalent bonds, and it is this factor that ultimately
determines its small deformations under heating.

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

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

TVTV(PV0,); — TILTY(PY0,),
= TiaTye(P'0)s > TusT7a(P'Oy)s

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

Representatives of phosphates with T'VTY and
T}LTY, are known. These are phosphates containing
TV = Zr, Nb, Ti, Ge, V; TV = Nb, Sb, Ta[4-10], and
T = sb, Nd, Eu, Bi; TV = Sb, Nb, Ta[11-13]. Most
of these are related to the structural type NZP, space
group R3c or R3. One of conditions for formation of
such a structure is that the relative difference between
the radii of the cations TV-T" and T""-TV, Ar/r ..,
should not exceed 0.3.

A study of thermal decomposition of phosphates
with the above composition established that al the
compounds studied are characterized by nearly zero

1070-4272/03/7601-0012$25.00 © 2003 MAIK “Nauka/Interperiodica’
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thermal expansion with nearly zero expansion anisot-
ropy along different crystallographic directions [6-8,
14].

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

This study was aimed to synthesize phosphates of
the general formula T)3TY3(PO,)5 with T = Mg,
Co, Ni and TV = Nb and analyze their thermal expan-
sion. There are no published data on phosphates of
such composition. With account of the nature of cat-
ions (their radii, charges, electronegativities) and the
formation of an electrically neutral framework (n = 0),
anticipated in view of the stoichiometry chosen, it
would be expected that the new compounds have
structure with trigonal crystal system (rhombohedral
unit cell) and nearly zero thermal expansion.

EXPERIMENTAL

Phosphates of niobium(V) and bivalent metals of
the type Bq/3Nbg/3(PO,)3, where B = Mg, Co, Ni,
were synthesized by the solid-phase method. As start-
ing reactants served MgO, CaCOg3, Sr(NO3),, CoCl,-
6H,0, Ni(NO3),-6H,0, (NH4),HPO, and Nby,Os.
The synthesis included severa stages. A mechanical
mixture of reactants taken in stoichiometric amounts
was ground in an agate mortar and kept at 450°C for
4 h. Then the mixture was subjected to isothermal
treatment at 600, 800, 900, 1000, and 1100°C for 24—
60 h with intermediate dispersion in each stage.

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

The microprobe analysis was made on a Camebax
instrument with a Link AN-10000 energy-dispersive
detector, with the ZAF-correction technique used to
caculate compositions. The accuracy with which
the composition of samples was determined was
2.5 mol %.

IR spectra were recorded on a Specord 75-IR spec-
trophotometer in the wave number range 1800-
400 cm™t . Samples in the form of a finely dispersed
suspension in isopropyl alcohol were deposited onto
a KBr substrate.

I1

1
400 v, cmt

1 1
1200 800

Fig. 1. IR spectra of phosphates of the type By;3Nbg3(POy) 3
with B = (1) Mg, (2) Co, and (3) Ni. (I]) Transmission and
(v) wave number.

X-ray diffraction patterns of powder samples were
recorded on a DRON-3.0 diffractometer with filtered
CuK,, radiation (A = 1.54078 A) in the range of angles
20 10°-80°. The angle measurement error did not
exceed 0.015°. This led to an error in lattice param-
eters equal to 0.005 and 0.01 A aong the a and
C axes, respectively.

The behavior of the phosphates under heating was
studied by powder high-temperature X-ray diffraction
analysis on a DRON-3M diffractometer with a GPVT-
1500 high-temperature attachment in filtered CoK,
radiation (A = 1.78892 A) [15]. The samples were
heated at an average rate of 10 deg min™L. Reflections
were recorded in the temperature range 20-800°C
with a temperature step of 200°C. The temperature
was measured with a Pt—Pt/Rh thermocouple, whose
readings were verified by simultaneous measurement
of lattice parameters of a reference substance (Al,03).
The axial coefficients a, and o, were calculated by
a procedure based on the least-squares method [16].

It follows from the results of X-ray diffraction
analysis that individual phases are obtained for all the
niobium(V) phosphates studied. According to the
results of electron-microprobe analysis, these samples
are homogeneous and have compositions close to the
theoretical composition corresponding to the formula
B1/3Nbg/3(PO,4)3. Their X-ray diffraction patterns are
similar in positions and relative intensities of diffrac-
tion peaks. As regards the distribution of vibration
frequencies, the IR spectra (Fig. 1) are aso closely
similar and indicate that the compounds under study
are orthophosphates.

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 1 2003
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Table 1. X-ray diffraction data for phosphates of the type Bq;Nbg;3(PO,); (B = Mg, Co, Ni)

NbTi(PO,); [17] Mg Co Ni
hkl

d, A /1o, % d, A 1o, % d, A 1o, % d, A 1o, %
102 6.144 60 6.174 42 6.143 37 6.255 43
104 4.414 100 4.471 100 4.416 100 4.437 100
110 4.279 59 4.316 80 4.293 72 4.309 77
113 3.695 58 3.718 82 3.707 78 3.719 82
204 3.072 77 3.089 73 3.085 68 3.083 70
116 2.783 29 2.796 53 2.792 52 2.799 55
124 2.496 12 2,511 27 2.509 25 2,513 27
300 2.470 23 2.491 28 2.486 27 2.490 24
218 1.961 12 1.970 13 1.971 12 1.974 14
314 1.925 10 1.942 19 1.938 15 1.940 15
226 1.847 11 1.860 12 1.859 9 1.861 11
2.1.10 1.729 13 1.741 14 1.737 16 1.739 14
410 1.617 13 1.635 20 1.631 18 1.631 16

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

The results of X-ray diffraction analysis are in
good agreement with IR data. The spectral pattern
characteristic of NZP phases is similar to that of the
substances containing tetra- and pentavalent elements,
eg., Tav(POys3 [10].

Table 2. Crystallographic parameters of phosphates of the
type By/sNbg3(POy)3 (B = Mg, Co, Ni)

a c
B | r, A | Arfry, - Vv, A
A
Mg 0.72 0.125 8.642 2211 1430
Co 0.75 0.172 8.642 22.09 1429
Ni 0.69 0.078 8.637 22.08 1429

Table 3. Data of high-temperature X-ray diffraction analy-
sis for phosphates of the type B;3Nbg;5(PO,4)5; (B = Mg,
Co, Ni)

o x 10%, deg™?
B
7 A Xav
Mg -2.3 34 -0.39
Co -15 4.4 0.45
Ni 2.2 3.0 -1.92

The unit cell parameters calculated for the phos-
phates B1,3Nbs/5(PO,4)3 (B = Mg, Co, Ni) (Table 2)
are close and vary only dlightly within the range from
8.657 to 8.642 A for a and 22.08 to 22.11 A for c.

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

Changes in the structure of the phosphates under
thermal treatment in the range from room temperature
to 800°C were judged from the linear thermal expan-
sion coefficients oy, = A/(aAT) and o = A /(CAT).
The coefficients a, and o, caculated from X-ray dif-
fraction data, are listed in Table 3.

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

Also, the unit cell parameters a and c at different
temperatures were calculated from data furnished by
high-temperature X-ray diffraction analysis (Fig. 2). A
tendency is observed for the parameter a of the hex-
agonal unit cell in the phosphates Bq;3Nbg5(POy)3,
(B = Mg, Co, Ni) to decrease and the parameter ¢ to
increase with increasing temperature. Such a behavior
is commonly characteristic of phosphates with NZP
structure. Apparently, the crystallographic parameters
a and c change only dlightly upon heating.

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

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

CONCLUSION

Thermal expansion of new compounds, belonging
to the class of orthophosphates with framework
structure, was studied. Phosphates of niobium(V)
and bivaent metals Mg, Co, and Ni, of the type
B1/3Nbg/3(POy4)3, supplemented the family of struc-
tural analogs of NaZr,(PO4)3 (NZP or Nasicon),
which are characterized by low or ultralow thermal ex-
pansion and the resulting stability to thermal shocks.
It was shown that the low value of the average ther-
mal expansion coefficient, a,, ~ 10°-107 deg™, is
due, as in the case of al phosphates of similar struc-
ture, to expansion—contraction along different crystal-
lographic axes.

c, A ;
222 *

22.1F : L] m3
22.0 ' ' '

a, A
8.64 I

8.63
8.62

_//

1
250 800 T, °C

Fig. 2. Unit cell parameters a and ¢ of phosphates of the
type B1/3Nbg/3(PO4)5 with B = (1) Mg, (2) Co, and (3) Ni
vs. temperature T.
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Abstract—Complex formation of calcium ions with succinic acid monoamide and methyl hydrogen succinate
at 25°C and ionic strength | = 0.3 (KCl) was studied by pH-potentiometric titration. The stability constants of

the complexes were determined.

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

Nitrogen- or oxygen-containing monosubstituted
succinic acid derivatives are of interest in this respect
[1-3]. They are readily available owing to high reac-
tivity of the anhydride ring in reactions of the an-
hydride with methanol or ammonia.

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

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

EXPERIMENTAL

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

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

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

The pH was measured with glass and silver chlor-
ide electrodes on an 1-120.1 pH meter with an ac-
curacy of £0.01 pH unit.

The concentration of monosubstituted succinic acid
derivatives was 0.10-0.15 M, and the concentration
of the added Ca(NO3), solution, 0.1 M. The concen-
ration ratios Ca(ll) : HL were 1:5 and 1: 3.

Characteristics of monosubstituted succinic acid derivatives

mp, °C Neutralization, mol-equiv
Compound
found | [5] found calculated
Methyl hydro- 57 58 131.3 132.1
gen succinate
Succinic acid | 156 | 157 116.2 117.0
monoamide

1070-4272/03/7601-0017$25.00 © 2003 MAIK “Nauka/Interperiodica’
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The concentrations of succinic acid monosubsti-
tuted derivatives HL in solution were calculated from
the precise weights of their portions and refined by
pH-potentiometric titration. Chemically pure grade
calcium nitrate and potassium chloride were used.
The content of Ca(ll) in solutions were determined by
complexometric titration. The concentration of KOH
solution prepared by dilution of its saturated solution
[6] was refined by potentiometric titration. All the
solutions were prepared in freshly boiled distilled
water.

Solutions of a succinic acid monosubstituted
derivative, Ca(NO3),, and KCI were placed in a tem-
perature-controlled cell. After adding each portion
(0.1 ml) of the titrant (0.3 M KOH), the pH values
were measured. The equilibrium was considered as
attained if pH remained constant for 2-3 min. The
glass electrode was calibrated by buffer solutions
before each measurement. The calibration straight line
was determined by the least-squares procedure and
then used to refine the pH values obtained during
titration. The pH meter readings were checked by
a buffer solution with pH 4.01 after each titration. If
the measured pH differed from this value by more
than 0.02, the results were discarded. Points of the
titration curve in the range pH 3.0-6.0 were used in
the calculations.

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

G
[LIHY

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

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

H* + L= 2 HL, 1)
ca?t + L~ 2 Cat, 2
Ca?t + 2L~ 2 Cal,. 3

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

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

= [HL] + [L7] + [CaL™] + [Caly],
= [HL] + [H'],

= [Cea?'] + [Cal'] + [Cal,],

MU _[calt]
[LIHT TSN
_[cal]
“2 e

where ¢, ¢y, and ¢y, are total concentrations of the
ligand, hydrogen ions, and metal ions, respectively;
B, protonation constant of a monosubstituted succinic
acid derivative;, and BCa,_ and By + Stability con-
stants of the correspondlng calcium compounds.

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

Pea L] + ZBCaLZ[L_]Z
1+ Beatll] + ZBCaLZ[L_]Z.

This equation can be transformed to

N+ (A= DL Bat *+ (M - DILTBga, = O.

The experimental data were treated by the least-
squares procedure. The number of independent deter-
minations of complex formation constants for each
compound was 8-10. The obtained Bcy + and Py,
values for Ca(ll) complexes with succinic acid mono®
amide and methyl hydrogen succinate at | = 0.3 (KCl)
and T = 25°C were recalculated to zero ionic strength
by the Davies equation. The experimental data were
approximated by y = a + bx functions with at con-
fidence level of 0.95 and with the confidence interval
no greater than 2. The logarithms of the complex for-
mation constants are presented below together with
the previous data [4] on the stability of calcium suc-
cinates, given for comparison.

Compound log P, + logpLa,
Succinic acid 2.08+0.02 3.41+0.06
Methyl hydrogen succinate  1.91+0.02 3.56+0.03
Succinic acid monoamide 1.86+0.05 3.58+0.06
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These data show that the stability of calcium com-
plexes with succinic acid monoamide and methyl
hydrogen succinate is virtually independent of the
nature of substituted carboxy group. Comparison of
the logBY values for the compounds under study and
calcium succinates shows that replacement of one
carboxy group by an amide or ester group decreases
the stability of the 1: 1 Ca(ll) complexes. Since suc-
cinic acid has two carboxy groups, it was suggested
[8] that the probable structure of its Ca(ll) chelate
contains a seven-membered ring. In contrast to the
acid, the monosubstituted derivatives under considera-
tion contain one anion and one nonionic (amide or
ester) group showing no tendency to form a coordina-
tion bond. The composition of the monosubstituted
derivatives under study and the stability constants
found in this work suggest that succinic acid mono-
amide and methyl hydrogen succinate behave as
monodentate ligands. In the case of 1:2 calcium
complexes with the monosubstituted derivatives, the
log Bga,_z values are greater than in the case of the
Ca(ll) complex with succinic acid.

CONCLUSIONS

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

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

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

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

It was shown previously [4, 5] that waste of Se-
veronikel’ nonferrous metallurgical plant, spent iron
catalyst from Nevinnomyssk chemical plant, and
waste of Cheboksary mechanical engineering plant
can be used for preparing, via synthesis of goethite,
magnetic iron oxide powder y-Fe,O3 for tape recorder
carriers; its properties are controlled by the waste
composition and conditions of goethite synthesis.

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

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

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

for removing impurities, and features of processes on
an enlarged installation have been described previous-
ly [4-6].

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

OH™, 0,
Yelow

. H,SO,
Solid waste ——— FeSO

N, A Ho, A 0,, A
—= 5 a-Fe,0; —— Fe;0; ——> y-Fe,0s.
Red Black  Reddish brown

The products of successive transformations yellow
goethite — red hematite (a-Fe,03) — black magnetite
(Fes0,4) — reddish brown maghemite (y-Fe,O3) are
commercial pigments. The goethite crystals have
acicular shape, which is preserved in al the sub-
sequent stages of goethite conversion.

Table 1. Elemental composition of the waste

Waste Elemental composition, wt %
Nonferrous Fe 28.1; Si 18.1; Ca2.7; Mg 1.8; Al 1.0;
metallurgy Ti 0.3; S1.0; Na 0.9; K 0.8; Co 0.44;
duge (NMS) Cr 0.3; Cu 0.3; Ni 0.22; Mn 0.18;

Zn 0.1; Cl 0.1; V 0.06; P 0.06; Ru,

Rb, and Pt <0.01; the remainder O
Spent catalyst [Fe 85.5, Ca 2.5, Al 1.2, K 0.6,
(SC) the remainder O
Mechanical Fe 16.1, S 14.0, Mn 3.5, S 3.1, Al 1.5,
engineering Cu 1.0, Cl 04, Zn 0.3, Ti 0.2, K 0.16,
calcination Mg 0.12, Cr 0.1, Na <0.1, Ni <0.1,
dudge (MECS) |the remainder O

1070-4272/03/7601-0020$25.00 © 2003 MAIK “Nauka/Interperiodica’
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Table 2. Properties of the pigments synthesized

Sam- Pigment Conditions of goethite synthesis
e Property Waste

P yellow | red | black |reddish brown precipitant | T,°C | W, 1 it =L solution

PL |CP, gm™ 17.7 | 151 | 115 16.3 NMS KOH 20 206
OA,g/100g | 68 51 39 41

P2 |CP, gm™ 143 | 109 9.0 10.1 SC KOH 20 100
OA,g/100g | 44 39 39 46
CP, gm= 16.9 83 | 100 12.6 sC KOH 20 206
OA,g/100g | 53 33 42 39

P4 |CP, gm™ 15.0 79 | 125 14.1 sC KOH 20 750
OA,g/100g | 50 34 37 42

P5 |CP, gm™ 16.4 7.8 9.8 12.3 sC KOH 45 206
OA,g/100g | 49 39 29 39

P6 |CP, gm™ 174 | 142 - sC Na,CO; 20 206
OA,g/100g | 56 49 - -

P7 |CP, gm™ 197 | 187 - - MECS | KOH 20 206
OA,g/100g | 61 48 - -

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

a-FeOOH was dehydrated in a nitrogen flow at
300°C to obtain a-Fe,O3, which was reduced with
hydrogen at 380°C to Fe30,. The latter was oxidized
to y-Fe,0O3 in air at 200°C. The space velocities
of the gases in various stages of the synthesis were
(ml min~t g nitrogen 30, hydrogen 25, and air 60.
The quality of the pigments synthesized was charac-
terized by the covering power CP (gm™2) and oil
absorption OA (g/100 g), which were measured by
standard procedures [7]. The pigment color was eval-
uated visualy.

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

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

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

The characteristics of the samples of al colors
depend on the rate of the air feed into the suspension
in the W range studied (samples P2-P4). The minimal
value of W was optimal for the yellow pigment, and
its maximal value, for the red pigment. For the black
and reddish brown pigments, the optimal covering
power was attained at the minimal value of W, and
the optimal oil absorption, at the middle or maximal
value.

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

Among yellow pigments, sample P4 from the spent
catalyst has the highest color characteristic. Sample
P6 obtained by sodium carbonate precipitation has the
middle color characteristic. The color characteristic of
the sample P7 from mechanical engineering sludge is

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 1 2003
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Table 3. Properties of commercial iron oxide pigments [7]

Brand or composition| Color |[CP, gm2| OA, g/100 g
Zh-0 Yelow 12-15 35-50
Zh-1 " 15-20 35-60
Zh-2 " 15-20 35-70
K, grade 1 Red 6-7 26-35
K, grade 2 " 7-8 25-35
English Red " 10-15 35-50
Indian Red " 10-15 30-40
Fe,0, Black 6-10 20-30
o-Fe,04 Reddish 7-15 30-50
brown

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

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

Yellow pigments of the indicated brands are used
in industry as stencil and special-purpose paints, as
additives to color cements, as thermosensitive pig-
ments (up to 280°C), etc. Red pigments are used in
construction and for painting ships and plastics. Black
pigments are used in paints instead of carbon black,
for coloring fiber glass, and as an intermediate in
production of artist paints. The Fe;0, powder is used
for xerocopying. In pigment properties, y-Fe,O3 is
similar to a-Fe,0s.

In covering power and oil absorption, the P2 and

P4 yellow pigments obtained correspond to Zh-O
commercial standard; samples P3, P5, and P6, to

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

CONCLUSIONS

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

(2) Along with the use of Na,COg3, a nucleus-free
method of alkaline precipitation is suitable for syn-
thesizing goethite as intermediate in production of
pigments.

(3) Choice of the conditions of the goethite syn-
thesis allows control of the main characteristics of
pigments.
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Abstract—Conditions for complex formation in agueous electrolyte solutions containing salts of aluminum
and hydroxy carboxylic acids were studied by 2’Al and 1°F NMR spectroscopy. The formation of complex
anions in the electrolytes at various pH and their discharge on the anode under conditions of a microplasma
process alowed preparation of surface layers containing o-Al,O5 on VT1-0 titanium. The interrelation
between the composition and properties of the coatings was studied.

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

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

To obtain on aluminum protective coatings exhibit-
ing high resistance to wear and heat owing to the
presence of a-Al,03, an electrolyte containing alumi-
num tartrate complexes and aso fluorides [6, 7] was
developed. In [6], aluminum aloys were selected as
model materials ensuring high concentration of alu-
minum ions in the near-anode space during oxidation.
Depending on pH, the complex formation can involve
various functional groups of tartaric acid: carboxy

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

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

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

(2) To ensure formation of anionic complexes with
hydroxy acid ligands, aluminum(l11)-containing com-
ponents should be added to the electrolyte.

(3) It is necessary to minimize formation of titani-
um(1V) complexes with hydroxy acid salts by select-
ing appropriate electrolyte composition and varying
its pH, as the existence of such complexes in solution
will result in the formation of coatings based on tita-
nium oxides and in decreased concentration of alumi-
num oxide in the film.

With the aim to obtain heat-resistant solid coatings
on titanium, we studied in this work the complex for-
mation in electrolytes containing aluminum salts
and certain hydroxy carboxylic acids, both aiphatic
(lactic, tartaric, and citric) and aromatic (salicylic).
For this purpose, we created conditions favoring

1070-4272/03/7601-0023$25.00 © 2003 MAIK “Nauka/Interperiodica’



24 GNEDENKOQV et al.

the formation of aluminum(lll) complexes with the
above-listed hydroxy acids in solution. Then, using
electrolytes containing complex anions, we formed
coatings on titanium under the microplasma condi-
tions and studied their composition and properties.

EXPERIMENTAL

Samples of VT1-0 grade titanium (99.4% Ti) in the
form of 5x30-mm plates were oxidized. Aluminum
sulfate A|2(SO4)318H20 and oxalate A|2(C204)3'
nH,O, and also hydroxy carboxylic acids and their
sats (potassum tartrate K,C4H,4Og-0.5H,0, lactic
acid CgHgO3, potassium citrate K3CgH50,, and sali-
cylic acid C;HgO3) were added to the electrolyte used
in the oxidation. The electrolyte pH was adjusted with
KOH and H,SO,4. Sodium quorlde NaF was added
when studying the electrolytes by 1°F NMR. All the
chemicals used in the work were of chemically pure
grade. The formation voltage was selected individual-
ly for each electrolyte solution within the limits 170—
300 V. The current density did not exceed 1 A cm™,
the oxidation time, 5-10 min, and the electrolyte tem-
perature, +25°C. The electrolyte was cooled using a
refrigerating unit whose heat exchanger was placed
directly in the electrolytic cell.

The phase composition of coatings on a metalic
substrate was determined with a DRON 3.0 X-ray dif-
fractometer (CuK,, radiation). The relative contents of
phases in films were estimated from the ratios of
intensities of their strongest lines. The NMR experi-
ments were carried out on a Bruker WP-80 SY radio-
spectrometer at room temperature with externa sta-
b|||zat|on by deuterium. The chemical Shlft36 of %Al
and 1°F are given relative to [AI(HZO)G] and CFCI3
references, respectively, using the relationship §;
(vi — vo)lvg (vg and v; are the frequencies of the sig-
nals of the reference and sample under study). The
microhardness of coatings was measured on a Neo-
fot-2 device using cross-sectional microsections pre-
pared with the use of epoxy resin. The differential
thermal (DTA) and thermogravimetric (TG, DTG)
analysis was performed with a Q-1500D derivatograph
(MOM, Hungary) in the course of heating coated

samples in open platinum cruubles in air or under
helium at a rate of 5 deg min~t to 1000°C, with the
aim to evaluate the probability of afteroxidation of
the titanium substrate during annealing in air. The
helium flow rate through the chamber was 10 | ht

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

on solution pH, aluminum(lil) can form cationic,
neutral, and anionic tartrate complexes. The formatr on
of complexes involving oxotitanium(IV) ions Tio?

the most typical for titanium in a strongly acidic medr-
um, where the most stable complexes with tartaric
acid ligands are formed. At pH < 1, titanium(IV)
forms [Ti(OH),(C4H50g)(C4HeOg)] ™ cationic com-
plexes. In the range pH 1-7, the migration of tita-
nium-containing complexes to anode increases, sug-
gesting the conversion of cationic and neutral speues
into the anionic spemes [T|(OH)2(C4H406)2] 3
[T|(OH)2(C4H206)] and [T|(OH)2(C4H406)

(C4H306)] with the charge increasing with pH [12].
The migration of complexes to the anode is reduced in
an alkaline medium owing to hydrolysis of titanium-
containing components with the formation of single-
charged ions.

Aluminum(l11) anionic complexes, in contrast to
titanium(1V) complexes, are more stable in an alkaline
medium (pH 9-10); therefore, when aluminum and
titanium compounds are present simultaneously in
solution, it is appropriate to select high pH values to
decrease the probability of the titanium(IV) complex
formation with tartrate ions and hence to reduce the
effect of titanium-containing compounds on the com-
position of a film formed on the anode.

Figure 1 shows the 2’Al NMR spectra of solutions
(pH 2.5-12) containing auminum salts (sulfate or
oxalate), their mixtures with hydroxy acids (salicylic
or lactic), and salts of hydroxy acids (potassium tar-
trate or citrate).

Aluminum(l11) cations in solution have either octa-
hedral or tetrahedral environment depending on the
solvent properties and the ligand type [13]. The ?/Al
NMR chemical shifts of octahedral complexes are
in the region of O ppm, and those of tetrahedral com-
plexes are shlted downfield (-70 to -100 ppm).
Thus, the 2’Al chemical shifts furnish information
on the structure of auminum complexes. A signal
with the 2’Al NMR chemrcal shift of O ppm corre-
sponding to the [AI(HZO)G] complex was recorded
in an agueous solution of aluminum sulfate at pH 2. 5
(Fig. 1, spectrum 1). When tartrate anlons[C4H406] 3
are added to the electrolyte at pH 10, a broad signal
with & = -34 ppm corresponding to the aluminum
tartrate complex [AI(OH)(C4H206)] ~ [6] appears
(Fig. 1, spectrum 2). Anincrease in pH to 11 owing to
hydrolysis results in hydrolysis and breakdown of the
aluminum(lll) tartrate complex as demonstrated by
the appearance of the 2’Al NMR signal with & =
-80 ppm corresponding to the tetrahedral aluminum
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complex [AI(OH),]™ (Fig. 1, spectrum 2). In a solu-
tion of aluminum oxalate at pH 2.5, duminum exists
as the complex [AI(CZO4)3] =-10 ppm) (Fig. 1,
spectrum 4). When aIumlnum oxaate is added to
solutions containing potassium tartrate, the complex
[AI(OH;(C4H206)]2‘ is formed at pH < 12, giving a
broad /Al NMR signa at & = -26 ppm (Fig. 1, spec-
trum 5). The hydrolysis of oxalate-containing solu-
tions results in the formation of the tetrahedral com-
plex [Al(OH),]™ at higher pH (pH 12) than in sulfate-
containing solutions (pH 11), which is due to the ex-
istence in such systems of the complex [AI(CZO4)3]
along with [AI(OH)(C4H206)] (Fig. 1, spectrum 3).

The 2’Al NMR spectra of solutions containing
aluminum oxalate and lactic acid are shown in Fig. 1,
spectra 6 and 7. A signal with 8 = -13.9 ppm is ob-
served in the spectra at pH 9. This is the signal of an
aluminum anionic complex with lactic acid, which
exists without changes within a broad pH range,
pH 3-10 (Fig. 1, spectrum 7). The tetrahedral com-
plex [AI(OH),]~, which gives a signal with § =
—79.9 ppm (Fig. 1, spectrum 6), is formed at pH 11.4
as a result of the hydrolysis of the lactate complex.
The obtained data agree with the results of studying
the structure of alumlnum complexes with lactic and
citric acids by ‘Al NMR [14]. For solutions contain-
ing auminum salts and lactic acid, several signals
were observed, originating from the replacement of
water molecules in the complex [Al(H,0)g] 3* py
lactate ions (pH 3-5) [14]. An increase in pH to
7-8 resulted in the hydrolysis of this compound up
to formation of the anionic complex [AlI(OH),]™
(pH 10-11).

Aluminum(l11) complexes with citrate and salicy-
late ions have certain specific features. According to
[14], the presence of three carboxy groups and one
hydroxy group in the citrate ligand complicate the
determination of structural characteristics of the com-
plexes (as is also the case with the lactate ligand),
because of numerous possible coordination modes of
the ligand. In particular, formation of a structure
suggested in [15], in which aluminum is linked to two
carboxy groups and one hydroxy group, forming two
fiveemembered rings, is quite possible.

Salicylic acid, which belongs to the class of aro-
matic hydroxy acids, also forms complexes with alu-
minum(l1l) ions. Signals with 6 = -15.3 and § =
-10.6 ppm are observed in the range of pH 3-10 in
the systems aluminum oxalate-potassium citrate and
aluminum oxalate-cirtic acid, respectively. These
signals suggest formation of auminum anionic com-

-80

A

N :

~100 -50 0 3, ppm

Fig. 1. Z/Al NMR spectra of solutions of aluminum salts
and hydroxy acids. (8) Chemical shift; the same for Fig. 2.
(1) Aluminum sulfate, pH 2.5; (2) aluminum sulfate + po-
tassium tartrate, pH 10-11; (3) aluminum oxalate + potas-
sium tartrate, pH 12; (4) aluminum oxalate, pH 2.5; (5) alu-
minum oxalate + potassium tartrate, pH 10.8; (6) aluminum
oxalate + lactic acid, pH 11.4; (7) aluminum oxaate +
lactic acid, pH 9.0; (8) aluminum oxalate + potassium ci-
trate, pH 9.85; and (9) aluminum oxalate + salicylic acid,
pH 9.0.

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

In contrast to datain [14], the positions of the %Al
NMR signals corresponding to auminum(lil) com-
plexes with anions of the above-listed hydroxy acids
or their salts did not change in the range of pH 3-10,
i.e., the complexes formed in the solution are stable
under these conditions. Based on our experimental
data and on the approach developed in [8, 9], we can
presume the composition of the aluminum complexes
with the hydroxy acids in solutions. The following
anionic complexes can be formed in the range of pH
9-10: [Al(OH)z(C3H403)]_ M = 149, with lactic aCId
[AI(C4HOg)] ", M, = 173 and [AI(OH)(C4H206)]

M = 190, with tartarlc acid; [AI(CgH407)], M, = 215
[AI(OH)(C6H4O7)] M = 232, and [AI(OH),-
(C6H4O7)] , M= 249, with citric acid; and [AI(OH),-
(C/H4O3)], M 197, [AI(C7H405)5]7, M = 275, and
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Table 1. Formation conditions, composition, and microhardness p of coatings on titanium

Electrolyte Concentration, g™t g, MPa Phase composition of coating*
K5C,4H,04- 0.5H,0, 10 3200 TiO,-rutile
Al,(SOy)5-18H,0 2
K5C,4H,04- 0.5H,0, 10 5000 AlL,TiOg, a-Al,O5, TiOo-rutile
Al,(SOy)5-18H,0 2
K5C,4H,04- 0.5H,0, 10 10.8 5500 AlL,TiOs, o-Al,O3,
Al,CgO45-nH,0 10
C3HgOg, 10 4300 Al,TiOg
Al,Cg045-nH,0 31.8
K4CgHs04, 8.1 4250 TiO,-rutile, Al,TiOg
Al,Cg045-nH,0 15.8
Al,CgO45-nH,0 31.8

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

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

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

Since information furnished by the 27AI NMR
spectra is relatively poor compared to the 19F NMR
spectra, we added fluoride ions to the solutions con-
taining auminum salts and tartrate ions. Then we
studied the agueous sol utlons of alumlnum fluoride-
tartrate complexes by 9 and ?’Al NMR spectros-
copy. The 1°F NMR spectra show that alumi num quo-
ride-tartrate complexes [AlF,(C4H4Og)¢_ Nie =
1-6) are present in aqueous solutions along W|th aIu-
minum aquafluoride complexes (Fig. 2). In such sys-
tems, in contrast to bidentate oxalate ions, tartrate ions
behave as monodentate ligands [16].

[AIF,(C4H 00 1>

—60 —40 —20

Fig. 2. 19 NMR spectrum of auminum(lll) fluoride-
tartrate solution.

A question arises: To what extent are the composi-
tion and properties of electrolytic oxide layers affected
by the structure of complexes present in the electro-
lyte? To answer this question, we obtained coatings
on titanium from solutions containing aluminum sul-
fate and oxaate and anions of lactic, tartaric, citric,
and salicylic acids, using the microplasma anodizing
method. We found that such layers consist of titanium
and aluminum oxides (rutile TiO,, «-Al,03 and
Al,TiOg) in various combinations depending on pH
and composition of the electrolyte (Table 1). Accord-
ing to the X-ray phase analysis, in view of the esti-
mated microhardness of the resulting surface layers,
we found that the coatings obtained from the electro-
lyte at pH from 3 to 5 contain titanium dioxide (rutile)
responsible for their moderate microhardness (up to
3200 MPa). Surface layers with a higher hardness
(5500 MPa), consisting of the double oxide Al,TiOg
and aduminum oxide a-Al,03, were formed in aka-
line solutions of the electrolytes at pH 10.0-10.8.
At such pH, more favorable conditions are created for
the formation of anionic complexes involving aumi-
num(lIl) ions and hydroxy acids.

At the same time, with the examined electrolytes,
we failed to eliminate the oxidation of the titanium
substrate by selecting anodic oxidation modes. It
resulted in the formation of titanium dioxide and the
double oxide Al,TiOs, which reduce the hardness
of the coatings compared to the coatings on aluminum
consisting of a-Al,0O3 and having the microhardness
of up to 7000 MPa [6].

We estimated the heat resistance of coatings ob-
tained in the microplasma mode at various e ectrolyte
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Table 2. Therma stability of coatings on titanium

27

Com- Concen- | Anneal- Temperature, °C Phase composition of coatings
posi- Electrolyte tration, [ing condi- .
- ] . onset of [onset of intense . .
tionno. gl tions oxidation oxidation before annealing after annealing
1 Sample without Helium 680 780 X-ray amorphous| TiO,-rutile
coating Air 650 760 phase
2 |CgHgOs, 10  |Helium 780 910 Al,TiOg Al,TiOg
Al,C40,,-nH,0 318 |Air 750 900 TiO,-rutile
3 |K,C4H,Of-0.5H,0,| 10 Helium 790 920 AlL,TiOg, AL, TiOg,
4  |K4CeHsO,, 8.1 |Helium 700 900 oL :
ALCOp,-H,0 | 158 |Air 680 890 TiOy-rutile, Al,TiOs
5 |CyHgOg, 6.9 |Helium 800 915 Al,TiOg, AL, TiOg,

pH (within the range 10.0-10.8). It was shown above
that this pH range ensures the formation of anionic
aluminum complexes with hydroxy acids in solution.
The discharge of the complexes on the anode allows
preparation of coatings containing aluminum oxide
a-Al,Og, ensuring their high hardness and heat resist-
ance.

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

Figure 3 shows the DTA, TG, and DTG curves
recorded in the course of annealing the samples coated
in an electrolyte containing salicylic acid (similar
curves are characteristic for al the samples studied).
According to Table 2, such coatings have the best
protective properties. No thermal effects and weight
changes were detected in the DTA curves of al the
coated titanium samples (Table 2) up to the tempera-
ture of the initial oxidation (680-800°C). The thermal
effect originating from the transition of o-Ti (hexag-
onal modification) to B-Ti (cubic modification) is
observed at 880°C. The temperature of this transition
should not depend on the annealing atmosphere,
which is indeed the case (Fig. 3). Above 890-920°C,
the sample weight quickly grows, as seen from the
TG curve (the stage of accelerated oxidation). At these
temperatures, the coating continuity is broken, which
is due to a certain extent to the difference in the ther-
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mal expansion coefficients of the coating material and
titanium substrate; as a result, oxygen penetrates to
the metallic matrix and causes its active oxidation. At
the same time, according to the data of [6], aluminum-
based coatings exhibited a higher heat resistance.
Up to 870°C, the composition, properties, and weight
of samples did not change; the coating did not melt,
was not destroyed, and acted as a heat-resistant
crucible. Weaker protective properties of coatings on
titanium, as compared to coatings on aluminum ob-
tained in a similar electrolyte, are attributable not
only to the difference in the phase composition of the

Am, mg o
12 22J)T,A\(z) 880°C
tEndo ;
- 1Bx0 pTA(Y)
8 B Q
DTG(2) 910.C
915°C:
A , DTG(1) ]
I 780°C 800°C i
TG(2) TG(1) \ / '
otk ) ¥ ? D el
JL 1 1 1 Lt 1
0 - 700 900 T,°C

Fig. 3. DTA, TG, and DTG curves for samples coated from
the electrolyte containing salicylic acid. Heating rate
5 degmin~l. (Am) Change in the sample weight and
(T) temperature. Annealing (1) in a helium atmosphere
and (2) in air.

No. 1 2003
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layers under study (smaller content of a-Al,O3), but
also to the effect of the substrate (aluminum or titani-
um), which is manifested at temperatures higher than
620°C. As the auminum substrate is completely
molten above this temperature [6], the difference in
the thermal expansion coefficients of the substrate and
coating is of no importance above 620°C and, there-
fore, it cannot affect the continuity of surface layers
responsible for the intensity of oxygen penetration
to the matrix. In the case of titanium samples (mp
1668°C) with surface layers obtained by microarc
oxidation, the difference in the thermal expansion
coefficients of the substrate and coating will be of
importance within the temperature range under study.

According to Table 2, all coatings under study
exhibit protective properties both in air and in a heli-
um atmosphere, decelerating oxidation of the titanium
substrate. The coatings obtained from electrolyte
nos. 3 and 5 exibit a higher degree of protection
(Table 2), which is due to the presence of a-Al,O5 in
them. The temperatures of the initial and accelerated
substrate oxidation are higher for these samples than
for the samples obtained from the other electrolytes.
This may be due not only to the coating structure, but
also to its morphology, porosity, homogeneity, and
presence of cracks. It follows from Table 2 that the
phase composition of coatings on titanium before and
after annealing, both in air and in helium, changes
insignificantly, indicating the high heat resistance and
low oxygen permesability of the coatings. The protec-
tive properties strengthen as the concentration of alu-
minum oxide in the surface layers increases. Presum-
ably, the complexes with higher molecular weights,
burning down in a plasma channel on the anode,
liberate considerable energy, which, in turn, promotes
the formation of the high-temperature modification of
aluminum oxide in the surface layer. Furthermore, the
benzene ring of salicylic acid can affect the nature,
temperature, and time of plasma chemical reactions
occurring at the anode and, correspondingly, the com-
position and properties of the forming surface layers.

CONCLUSION

The formation of complexes in electrolyte solutions
containing aluminum salts and hydroxy carboxylic
acids was proved by the /Al and 1°F NMR spectros-
copy. These complexes, being fairly stable in a wide
pH range, determine the composition and properties
of oxide layers formed in these electrolytes on titani-
um under the action of microplasma oxidation. The
presence of a-Al,O3 in the coatings is responsible for

their elevated microhardness and thermal stability
compared to the substrate. At the same time, differ-
ences in the composition and structure of the com-
plexes detected in the electrolyte by NMR do not give
rise to considerable differences in the composition and
protective properties of the forming layers.
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Abstract—The heats of solution of anabasine hydrochloride C;oH;4N,HCI and of the reaction of its agueous
solution with crystalline AgNO; at various dilutions were determined. The standard enthalpies of formation
of anabasine hydrochloride and its 36 analogs were calculated. The temperature dependence of the anabasine
hydrochloride heat capacity was studied within the 173-448 K range.

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

Cdorimetric determination of the enthalpy of
C40H14NoHCI solution in water and of the reaction of
its agueous solution with crystalline AQNO3 was per-
formed at dilutions (salt:water molar ratios) of
1:6000, 1:9000, and 1: 18000 under isothermal
conditions. The experimental error and variance
homogeneity in determination of thermal effects were
calculated using Student and Bartlett tests [1].

We calculated the heat of combustion of anabasine
hydrochloride by Karash and Frost methods [2] and
the heat of melting, by the empirica equation re-
commended in [3]. The enthalpies of formation A¢H°
(298.15) of CygH14N,HCI analogs were calculated
using the enthalpy increments of anions [4, 5].

EXPERIMENTAL

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

thermal effects were recorded with a KSP-4 poten-
tiometer and, in parallel, with an 1P-4 precision
integrator. The time of prethermostating of the com-
pound to be measured was 2 h. The calorimeter was
calibrated by applying a calibrated voltage to a built-
in electric motor and was checked by measuring
the heat of solution of triple-recrystallized KCl at
1:1600, 1:2400, and 1:3200 (sat: water molar
ratios) dilutions. The averaged measured heat of KCl
solution, 17860+283 Jmol ™2, is in good agreement
with the value of 17577+34 Jmol~! obtained in [6].

The heat of solution of anabasine hydrochloride
in water AHJ'

CyoH14N,HCI(cr) + nH,0(1) = CyoH14N,HCI(soln, nH,0)
ARG, (1)

was found at n = 6000, 9000, and 18000 (Table 1).

The experimental values of AH' at various dilu-
tions (Table 1) were used for calculating the enthalpy
of solution of anabasu ne hydrochloride at infinite
(standard) dilution AH . The molal concentratlons m,
my, and mg and the correspondl ng AH g7y, AHZ), and
AHY were calculated. The dependence of the en-
thal py of solution (kJ mol™1) on the molal concentra-
tion m¥2 is described by the equation

AHT(CgHN,HCI) = 529 - 469.50m12,  (2)

similarly to data of [7].
Using Eg. (2), we calculated the standard enthal py
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Table 1. Enthalpy of C;yH.4N,HCI solution in water.

Table 2. Enthalpy of reaction of agueous solution of

Dilution (salt: water molar ratios): (1) 1:6000, CygH4No,HCI with AgNO,. Dilution (salt : water molar
(2) 1:9000, and (3) 1:18000 ratios): (1) 1:6000, (2) 1:9000, and (3) 1: 18000
Sample of C;gH4N,HCI, g| AHg J | AHT, kImol~t Sample of AgNOg, g | AH,, J | AH™ kImol~!
Dilution 1 Dilution 1
0.0092 0.111 2.397 0.0079 1.035 22.25
0.0091 0.095 2.074 0.0078 1.015 22.10
0.0091 0.099 2.162 0.0078 1.021 22.23
0.0091 0.100 2.183 0.0078 1.025 22.32
0.0092 0.112 2.419 0.0079 1.043 22.42
Average AHg1)=225£019  Average AHgy) = 22.26+0.15
Dilution 2 Dilution 2
0.0062 0.076 2.436 0.0053 0.761 24.39
0.0062 0.072 2.307 0.0053 0.751 24.07
0.0063 0.080 2.523 0.0053 0.763 24.44
0.0062 0.071 2.275 0.0053 0.769 24.64
0.0062 0.075 2.404 0.0053 0.765 24.51
Average AHg =239£012  Average AHg,) = 24.41£0.26
Dilution 3 Dilution 3
0.0032 0.057 3.539 0.0027 0.400 25.16
0.0031 0.055 3.525 0.0026 0.383 25.02
0.0031 0.057 3.653 0.0026 0.381 24.89
0.0031 0.052 3.333 0.0026 0.387 25.28
0.0031 0.058 3.718 0.0026 0.382 24.96
Average AHS(3) 355+0.18  Average AHS(3) 25.06+0.20

of solutlon of anabasme hydrochloride in water,
AH = 5.29+0.33 kI mol L. This value is essential for
calculatlng the standard heats of formation of ana
basine derivatives.

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

C;0H14N,HCI(soln, nH,0) + AgNO4(cr)
= CyoH14N,HNOg(s0In,nH,0) + AgCli(cr) — AHM (3)

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

The isobaric heat capacity of anabasine hydrochlor-
ide was measured on an IT-C-400 device with the
error not exeeding £10.0% [8]. The time of measure-
ments over the 173-448 K range, including the treat-
ment of the experimental data, did not exceed 2.5 h.

The device was calibrated by measuring the calorim-
eter heat conductance K.. Five experiments were
performed a each temperature, the results were
averaged, and the root-mean-square dewatlon & for
the heat capacity and the random error OA for the
molar heat capacity were estimated. The calorimeter
operation was controlled by measuring the heat ca-
pacity of a-Al,05. The Cp(298.15) value obtained,

76.0 Jmol K2, isin good agreement with the refer-
ence value of 79.0 Jmol LK~ [9]. The results are
listed in Table 3.

From the data obtained, the equation describing the
= f(T) dependence for anabasine hydrochloride
over the temperature range 298.15-448 K is as fol-

lows (Imol~t K™
C) = (145+8) + (284+16) x 10°T — (24.7+1.3) x 10°T2,
@)

To caculate AH%(298.15) of C;oH14N,HCI, we
estimated its standard heat of combustion by the
methods of Karash and Frost [2]. In the Karash's
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method, the presence of oxygen, nitrogen, and chlor-
ine in the compound is estimated. In the Frost’s meth-
od, the effects of cyclenes and double bonds in their
rings are additionally taken into consideration. The
averaged heat of combustion of CyoH14N,HCI is
-5860 kJmol ™.

Taking into account the heat of combustion of
C10H14N,HCI

2C10H14N,HCI(1) + 27.50,(g) = 20CO,(g) + 15H,0())

+ 2Ny(@) + Cly@) - AHmb ®)

we caculated the standard enthalpy of forma
tion of Ilqwd C10H14NoHCI, which is equa to
~229.9 kJmol™. It should be noted that methods of
Karash and Frost are suitable only for calculating
AHO of combustion of liquid hydrocarbons The
data required for calculating Af (298. 15) of
C10H14NoHCI(I) by scheme (5) (excluding AHcomb)
are taken from the handbook [10]. Since at 298.15 K
anabasine hydrochloride is crystaline, its AH°
(298.15) should be calculated for the solid state. We
estimated AH (298 15) of C10H14N2HCI by the em-
pirica equation [3],

AHO = 44.4T,. — 4400, (6)

valid for highly polar halides, and obtained the value

of 17.0 kIJmol~L. The standard enthalpy of formation
of crystalline anabasine hydrochloride was calculated
by the eguation

A¢H®(298.15)C;4H4N,HCl(cr)
= AH9(298.15)C,oH 1 NLHCI(1) — AHE, @

and amounts to —239.9+12.0 kJmol ™.

Then, using AH® of solution of C10H114N2HCI in
standard agueous solution (5.29 kJmol

AHO(298.15)C;H,4N,HCI(soln, H,0, standard state)
= AH9(298.15)C,oH N HCI(cr) + AHS )

we calculated the standard enthalpy of formation of
C10H14NoHCI in aqueous solution: —234.6 kJ mol L

Using the eguation
[AH0(298.15)C;oH14,N,H* (soln, H,O, standard state)]
= [A¢HO(298.15)C;oH14N,HCI(s0ln, H,0, standard state)]

— [AfH®(298.15)Cl~(soln, H,0, standard state)],  (9)

Table 3. Experimental heat capacities of C;yH,N,HCI

T, K Cpt3, JKg™t | CO+%, Jmol~t K
173 0.6027+0.0094 120+5
198 0.6936+0.0096 138+5
223 0.8573+0.0195 170+11
248 0.9248+0.0138 184+16
273 0.9656+0.0311 192+17
298.15 |  1.0159+0.0315 202+17
323 1.0997+0.0101 21946
348 1.1273+0.0235 224+13
373 1.1751+0.0358 233+20
398 1.2309+0.0155 245+9
423 1.2776+0.0156 254+9
448 1.3093+0.0333 260+18

we calculated the standard enthalpy of formation of
[C10H1aNoH] ™ in agueous solution: —67.4 kJ mol L.

This value was used for calculating AfH (298.15)
of 36 anabasine derivatives. In [4, 5], the system of
thermochemical enthalpy increments was developed,
allowing calculation of the standard heats of formation
of crystalline compounds by the scheme

ArHO(298.15)M (X, 0p), = [MA;H(298.15)M™ (soln,
H,0, standard state)]K + na;H'(298.15)X OF", (10)

where AH'(298.15) is the enthalpy increment of the
anion, and K is proportionality coefficient.

To caculate AH(298.15) of derivatives by
scheme (1), it is sufficient to know A¢H 0(298.15,
soln, H,0O, standard state) of the cation, since K and
AH' (298 15) of anions are tabulated in [4, 5]. The
error of calculation is +5.0%. As applied to anabasine
derivatives, scheme (10) can be presented as follows
(by an example of C;gH;4NoHNOg):

AH%(298.15)C,oH14N,HNO(cr)
= [AH9(298.15)C,oH, 4N, H(soln, H,0, standard state)] K
+ A;H'(298.15)NO3. (11)

The AH? values for 36 anabasine derivatives, cal-
culated by scheme (11), are listed in Table 4.

CONCLUSIONS

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

Compound ~A;H?(298.15), kJ mol~* Compound ~A;H?(298.15), kJ mol~*
CioH14NHF 391 [C1oH14N5H] 4P,04 2299
CyoH14N,HBF 187 [C1oH14N5H]H,PO, 674
CioH14NoHI 120 [C1oH14N5H]3ASO, 1072
CyoH1N,HCIO, 197 [C1oH1aNoHIH,ASO, 1013
CyoH14N,HCIO, 174 [CyoH1aN>HIsAS:05 2430
CyoH14N,HBrO, 161 [CyoH1aN>HI,CO; 797
CyoH1aN5HIO, 317 [C1oH14NoHI,C,0, 957
[CoH1aNoH],S 140 CyoH1aN,HAIO, 976
[CooH14N,H],S0, 1037 CyoHN,HBO, 805
[CooH14N,H]5S,05 803 CyoH1N,HReO, 904
[C1oH14N,H]SeO, 720 CyoH1N,HMNO, 639
[CooH14N,H],TeO, 890 [CyoH4N,H],Cr,0, 1669
[C1oH14NoH],S0; 788 [C1oH14NoH],CrO, 1015
[C10H14NoH]>Se05 621 [C10H14N2HI WO, 1217
[CooH14NoH],TeO, 650 [CyoH14N,HMoO, 1045
CyoH14N,HNO, 279 CyoH14N,HVO, 973
CyoH1N,HNO, 174 CyoH1aN,HNDO, 1153
[C10H14N2H]3PO, 1444 [C10H14NoH]2Se 177

dard enthalpy of anabasine hydrochloride solution, 4.

standard enthalpies of formation of liquid and crystal-
line C1oH14N,HCI, and its heats of combustion and
melting were calculated by indirect methods from

these data 5.

(2) The enthalpy of reaction of agueous C;gHq4N5-
HCI with AgNO; at various dilutions was determined.

(3) The heat CapaCIty of C10H14N2HCI was deter- 6
mined over the range 173-448 K, and the eguation
Cp = f(T) was derived for the 298.15-448 K range.

(4) The standard heats of formation for 36 ana-
basine derivatives were calculated.

REFERENCES

1. Spiridonov, V.P. and Lopatkin, A.A., Matematiche- 8.

skaya obrabotka fiziko-khimicheskikh  dannykh
(Mathematical Treatment of Physicochemical Data)

Moscow: Mosk. Gos. Univ., 1970. 0.

2. Kazanskaya, A.S. and Skoblo, V.A., Raschety khimi-
cheskikh ravnovesii (Calculation of Chemica Equi-
libria) Moscow: Vysshaya Shkola, 1974.

3. Morachevskii, A.G. and Sladkov, 1.B., Termodinami- 10.

cheskie raschety v metallurgii (Thermodynamic Cal-
culations in Metalurgy), Moscow: Metallurgiya,
1985.

RUSSIAN JOURNAL

Kasenov, B.K., Abishev, D.N., and Bukharitsyn, V.O.,
Termokhimiya arsenatov shchelochnykh metallov
(Thermochemistry of Alkali Metal Arsenates), Alma-
Ata: Nauka, 1988.

Kasenov, B.K., Aldabergenov, M.K., and Pashin-
kin, A.S., Termodinamicheskie metody v khimii i
metallurgii (Thermodynamic Methods in Chemistry
and Metallurgy), Almaty: Rauan, 1994.

. Mishchenko, K.P, and Poltoratskii, G.M., Thermo-

dynamika and stroenie vodnykh i nevodnykh rastvorov
elektrolitov (Thermodynamics and Structure of Aque-
ous and Nonagueous Solutions of Electrolytes), Lenin-
grad: Khimiya, 1976.

Krestov, G.A., Termodinamika ionnykh protsessov v
rastvorakh (Thermodynamics of lonic Processes in
Solutions), Leningrad: Khimiya, 1984.

Platunov, E.S., Teplofizicheskie izmereniya v rezhime
(Therma Physical Measurements in Regime), Mos-
cow: Energiya, 1973.

Robie, R.A, Hewingway, B.C., and Fisher, I.K,,
Thermodynamic Properties of Minerals at 10° Pa
Pressure and at High Temperatures, Washington:
US Government, 1978.

Ryabin, V.A., Ostroumov, M.A., and Svit, T.F., Ter-
modinamicheskie svoistva veshchestv: Spravochnik
(Thermodynamic Properties of Substances: Hand-
book), Leningrad: Khimiya, 1977.

OF APPLIED CHEMISTRY Vol. 76 No. 1 2003



Russian Journal of Applied Chemistry, Vol. 76, No. 1, 2003, pp. 33-36. Translated from Zhurnal Prikladnoi Khimii, Vol. 76, No. 1,

2003, pp. 35-38.

Original Russian Text Copyright © 2003 by Arapov, Aksel'rod, Pronkin, Charykov, Ryazanova.

PHYSICOCHEMICAL STUDIES
OF SYSTEMS AND PROCESSES

Solubility in the Fullerene
CGO—FU”eI’ene C70—0‘C6H14(CH3)2 SB/S[em

O. V. Arapov, B. M. Aksdl’'rod, A. A. Pronkin,
N. A. Charykov, and O. Yu. Ryazanova

S. Petersburg State Technological Institute, S. Petersburg, Russia

Received May 23, 2002

Abstract—The solubility diagram of the ternary fullerene-containing system Cgo—C,o—0-Xylene at 25 and

-20°C was studied.

Up to now, there have been virtualy no systematic
studies on solubility in fullerene-containing multi-
component systems. At the same time, there are pub-
lished experimental data on the solubility of fullerenes
in a number of binary systems like fullerene Cggo—
solvent or fullerene C,g-solvent [including aromatic
solvents (e.g., benzene, toluene, dichlorobenzenes,
xylenes, etc.), CCl,, CS,, dkanols, diols, etc.].
Compared to Cg, the solubility of Cq is studied less
comprehensively, apparently, because of its more dif-
ficult accessibility. As to polythermal data on the
solubility of Cgq and Cq, there are published data for
several solvents only (carbon tetrachloride, toluene,
hexane, o-xylene, o-dichlorobenzene, and a few other
solvents). These studies covered the temperature range
from -20 to 110°C. The experimental data on the
solubility of fullerenes Cgq and C4q in the most com-
mon solvents were published, in particular, in [1-5].

According to these works, individual fullerenes Cq
and C, do not form solid solutions with solvents.
However, formation of crystal solvates of a fixed
composition, e.g., Cgp-2CCl,, Cgo-2CgH5CH3, Cqp-
0.5C6H5CH3, C60'2C6H4(CH3)2, etc., was reported
in [6, 7]. In some cases (e.g., Cgy-2CCly), poly-
thermal phase equilibria in fullerene-solvent system
are complicated by polymorphic (a—f) transitions
occurring typicaly at comparatively low temperatures
(<0°C). The same holds for crystal solvates of ful-
lerene C4q for which formation of crystal solvates is
less typical.

We could not find any published data on mutual
solubility of two different fullerenes in one solvent or
of an individua fullerene in solvent mixtures, except
for the work [8] devoted to solubility diagrams in the
Ceo—Crg-toluene system at 25°C and in the Cgp-

Cog—0-xylene system at 80°C. It should be noted
that, along with purely scientific interest, studies of
the solubility diagrams of such ternary and more
complex systems are of undoubted practical interest,
associated with the prospects for a more or less com-
plete prechromatographic separation of fullerene mix-
ture components (above all, the main mixture com-
ponents, Cgn and Cq) based on the difference in their
solubilities.

EXPERIMENTAL

In this work, we used fullerenes Cgq and C4 (99.9
and 99 wt % pure, respectively; content of the main
determinable impurities ca. 0.1 wt % C,q in Cgy and
ca 1 wt% Cgy in Cyp), available from Klaster,
St. Petersburg, as well as anayticaly puregrade
o-xylene.

In solubility studies for the Cgy—C,—0-xylene sys-
tem a 25°C, the solution prepared by isothermal
saturation for 24 h was evaporated, which yielded
a fortiori equilibrium (freshly precipitated) solid
phase, which was used for repeated isothermal satura-
tion for 4-6 h at 25.00+£0.05°C. Thus, we obtained
reproducible solubilities of Cgy and C;q, namely, of

9.25+0.1 and 15.17+0.2 g1, respectively.

We studied experimentally the solubility in the
Ceo—Crg—0-xylene system at —20°C by the freezing-
out technique. To this end, the prepared solid solution
Cep+tCqpp (M~ 2 g) and the solvent, o-xylene
(=10 ml), were stirred with a magnetic stirrer at 25°C;
the saturation time was 48-72 h. The resulting solu-
tion was separated from the solid phase by filtration
and then placed into a Peltier cooler and frozen out for
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the fullerene components between the liquid and solid phases
—20°C. (C70, Ceo) Solubility of C7O and Ceo, respectively;

(C) Cqo content in solid solution; and (D) Cgy content in liquid solution.

8-10 h at 20+0.2°C with determination of the solution
composition at regular intervals. Next, the equilibrium
solution of the liquid phase was separated from the
solid phase, and the liquid and solid phases were
analyzed spectrophotometrically [9]. The solubilities
of Cggp-20-CgHy(CH3g), and Coq-20-CgH4(CH3), at
—-20°C were estimated by this method at 1.81+0.2 and
3.74+0.2 gl respectively.

The content (x values) of the fullerene components
CGO and C7O in the solid solutions (CGO)X(C7O)1—X'
no-CgHy(CH3), was determined by the Schreine-
makers method of wet residues. To determine the con-
tent of the solvent in the solid solutions, the solid

phase was separated from the mother liquor, washed
with diethyl alcohol, dried, weighed, and heated under
isothermal conditions at 120°C for 2 h. Next, the solid
phase was weighed once again, and the content of
the solvent in the solid phase n was determined from
the mass difference. The experiments yielded for
al the solid solutions at —20°C the compositions
(CGO)X(C7O)1—X' nO'C6H4(CH3)2 withn=2+0.3. This
is a bisolvate; the deviation from 2 is due to the resid-
ual amount of o-xylene in the solid phase. At 25°C
we observed a mixed pattern: The crystallization
branch of Cgy-rich solid solutions exhibited crystal-
lization of bisolvate solid solutions (Cgp)y(C70)1_x
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20-CgH4(CHg), with n = 2+0.2, and the crystalliza-
tion branch of Cy-rich solid solutions, crystallization
of nonsolvated solid solutions (Cgp)y(C70)1_x-

Cgo-C70-0-CgH4(CH3), system (at 80°C). The
solubility in this system was studied earlier [8]. For
clarity and comparison, we presented in Fig. 1A the
solubility diagram and the diagram of distribution of
the fullerene components between the liquid and solid
phases (the mass fraction of Cgy in the Cgy+ Cyp
mixture in the liquid and solid phases is the Jaenicke
index of the fullerene components).

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

At 80°C, substitution solid solution of the com-
position (Cgp)y(C70)1_x free of 0-CgH4(CH3), crystal-
lize in the system; a discontinuity is observed in crys-
tallization of solid solutions (the immiscibility region
corresponds to 0.21 < x < 0.82). In addition, there is
one nonvariant eutonic point (point E) corresponding
to mutua saturation with two solid solutions of
the same qualitative composition. Also, Ponomarev
et al. [8] mentioned a peculiar run of the crystalliza-
tion branch of solid solutions rich in Cgg [monovari-
ant liquidus curve is amost tangent to the secant
0Z drawn from the figurative point of the solvent
0-CgH4(CHg),] and showed that this tangency con-
tradicts the criteria of the solution resistance to in-
finitesimal state changes [10].

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

¢, gl

18

4 8t, h
Fig. 2. Variation with the cooling time t of the concentration
of the fullerene components ¢; in the solution saturated at 25°C
and subsequently cooled in a temperature-controlled cooler at
-20°C. (1) Ceo, 2 C70, and (3) C60+C70 (typical data for
solution E in Fig. 2); the same for Figs. 3 and 4.

gualitative compositions. Figure 1B also shows a
peculiar run of the crystallization branch of Cggy-rich
solid solutions: Similar to the case at 80°C, in the
close-to-eutonic region, the monovariant liquidus
curve is tangent to the secant 0Z drawn from the
figurative point of the solvent, 0-CgH4CHs.

SOIUblIlty in the CGO—C70—O'C6H4(CH 3)2 wstem
at —20°C. The solubility diagram at this temperature
is of interest in view of the fact that polythermal crys-
tallization in prechromatographic separation of ful-
lerenes always proceeds via low-temperature recrystal-
lization of solid solutions. The melting point of
o-xylene is -25.1+0.1, which makes the temperature
region much below -20°C inaccessible.

According to our data, the fullerene Cgy—fullerene
Cyg—o-xylene system at —20°C is characterized by
substitution solid solutions of the composition (Cg)y -
(C70)1_X'20'C6H4(CH3)2 with a dISCOﬂtInUIty The
DTA curves of the solid solution (CGO)X(C7O)1—X'
no-CgHy(CH3), obtained for the 25-100°C range
suggest the presence of two solvent molecules of crys-
tallization in both kinds of solid solution. The TGA
data suggest, for example, that the solid solution
(C60)0.88(C70)0.12- 20-CgH4(CH3), loses the crystal-
lization o-xylene in two stages within 43-72°C. The
temperature corresponding to the loss of the crystal-
lization solvent is strongly dependent on the composi-
tion of the primary bisolvate and decreases by tens
of degrees with increasing mass fraction of C,, (de-
crease of Xx).

Figure 1C shows the experimentaly determined
composition of the equilibrium liquid phase. At
—-20°C, this system exhibits a salting-in effect in the
crystallization branch of Cgy-rich solid solutions and
a salting-out effect in that of Cq-rich solid solutions.
Figure 1C also shows the distribution diagram indicat-
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mj, mg
30

1
4 81t,h
Fig. 3. Variation with time t of the mass of the fullerene
components n¥in the solid solutions obtained upon cooling
in a temperature-controlled cooler (-20°C) 2.5 ml of the
solution saturated at 25°C.

v, mg ht
5 |-

1 1

4 81, h
Fig. 4. Variation with the cooling time t of the freezing-out
rate for the solid solution (CBO)X(C7O)1—X' 20'C6H4(CH3)2
obtained upon cooling in a temperature-controlled cooler
(=20°C) 2.5 ml of the solution saturated at 25°C. v = dm/dt
is the solid phase separation rate.

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

Studies of freezing-out of fullerenes at —20°C re-
vedled a peculiar fact. Thermodynamically, the pres-
ence of a solid phase in a crystalline form implies
“a perturbation of the solution corresponding to finite
changes in the state” [10]; hence, in our case, further
separation of the solid phase to attain steady-state
solution concentrations proceeded at a very low rate,
namely, within several hours (Figs. 2-4). This in-
volved changes in the composition of the “supersatu-
rated solution” (Fig. 2) and the mass of the fullerenes
separated into the solid phase (Fig. 3). Figure 4 shows

that the rate of separation of the fullerene components
varies nonmonotonically; this process is characterized
by a certain “pseudoinduction” period (0.5-1 h); the
separation rate attains a maximum (after 2-4 h), and
only then it tends to decrease to zero (after 8-10 h).
This period is unusually long, and this very fact by no
means fits the classic phase formation theory.

CONCLUSIONS

(1) An experimental study of the phase diagram of
the Cgy—C,o—0-Xxylene system at —20°C revealed for-
mation of extremely slowly degrading metastable states
corresponding to supersaturated liquid solutions.

(2) Comparison of the solubility diagrams of the
ternary system Cgy—Cog—0-xylene at 80, 25, and
-20°C showed the identity of the phase diagrams at
all the three temperatures: Each diagram exhibits two
crystallization branches of solid solutions (solvated
and nonsolvated) of the fullerenes in each other, ex-
hibiting a discontinuity and a eutonic nonvariant.

(3) The topology of the phase diagrams of the
Ceo—Crg—0-xylene system in polythermal conditions
suggests the principal possibility of separation of Cgg
and Cy (and probably of other fullerenes) by poly-
thermal recrystallization.
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Abstract—A new method was proposed for separation of light fullerenes Cg, and C, based on realization of
two-phase extraction equilibria in multicomponent fullerene-containing systems Cgo—C—solvent I-solvent 11
and Cg—C,g-solvent I-solvent [1-“inert component.” The principal possibility and high efficiency of the
extraction separation of light fullerenes were demonstrated.

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

In the middle 1980s, astrophysicists, using new
optical spectrophotometers, revealed in the spectra of
“carbon stars” (red giants) and comet tails an absorp-
tion band at 216 nm. Researchers assumed that such
objects and interstellar dust can contain small clusters
of carbon atoms, C,,. American physicists Rolling,
Cox, and Calder tested an assumption that C,, can
exist under laboratory conditions. They performed
high-vacuum evaporation of graphite when exposed to
a powerful laser beam. Using a mass spectrometer,
these researchers detected in a graphite vapor a set of
C,, clusters containing 1-150 carbon atoms. It should
be noted that small clusters (n < 40) contained both
even and odd numbers of carbon atoms, and larger

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

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

The structural difference between fullerenes and
graphite consists, above all, in that the former com-
prise pentagons. The very first pentagon surrounded
by hexagons gives corannulene with a nonplanar
structure. The same result can be obtained with forma-
tion of a heptagon [4]. The peculiar structural features
of fullerenes, namely, all bonds unsaturated and no
substituents, alow only two types of primary reac-
tions: detachment of electrons and addition of elec-
trons or groups. Fullerenes exhibit electrophlicity and
are good electron acceptors. They are prone to addi-
tion of nucleophiles, as well as of free radical and
carbenoid moieties. Virtually all the reactions known
for fullerenes were redized for Cgy and C4g. As to
the chemical properties of higher fullerenes, the in-
formation is scarce.

Certain physical properties and structure of ful-
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lerene Cgp Were reported by Prassides et al. [5]: cubic
crystal structure, space group Fm3m (T > 260 K) and
Pa3 (T < 260 K); carbon cage diameter 7.1 A; bond
length C=C 1.391, C-C 1.455 A; nonvalent distance
between the Cgy molecules in a crystal 3. 1 A; volume
modulus 18 GPa;, density 1.65 ¢ cm™3 Spectra
characteristics: electron affinity 2. 6—2 8 ev; |on|zat| on
potential 7.6 €V; band gap 1.9 eV; 13¢ NMR chemi-
cal shift 142.68 ppm; IR frequencies 528, 577, 1183,
1429 cm 1; Raman frequencies 1250, 1422, 1467,
1573 cm Y, and refractive index 2.2 (630 nm). The
structure of the C, cluster was determined by elec-
tron diffraction [6]. It was found that it has a fuller-
ene-type structure of the elipsoidal form, point group
Dsp,. The C-C bond length varies from 1.37 to 1.47 A.
The shortest bonds are those linking the vertices of
two different pentagons, and the longest are those
located in five-membered rings. The “height” of the
molecule is equal to 7.8 A. The equatorial section of
Cyp has a diameter of 6.94 A. Formally, the Dg,,-Cyq
cluster can be obtained from two halves of the Cgg
cluster with five pairs of carbon atoms inserted in the
equatorial plane.

The Dgy-Coq cluster, similar to I,-Cgp, contains
only isolated five-membered rings. The C,o molecule
contains atoms of five types, and its spectra exhibit
the corresponding number of signals. The carbon
atoms in C4y molecule are nonequivalent, which is
responsuble for different chemical shifts observed in
the 13C NMR spectra. Fowler [7] and lijima [8] dis-
cussed the structures of higher fullerenes with the
number of carbon atoms n > 84, as well as of those
with a greater n (giant fullerenes), including extended
fullerene-type carbon structures. It was suggested to
simulate the structure of giant fullerenes by spherical
models. It can be assumed that giant fullerenes have
a complex “matreshka” or bulb-like structure. Certain
giant fullerenes can have a cylindrical form or give
more complex network structures (capsulenes, bar-
relenes, tubulenes, torenes) [8].

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

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

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

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

In 1990, Kratchmer et al. [22] described for the
first time a method for preparing several grams of
carbon clusters by graphite electrode burning in an
electric arc under He. The mass ratio of the main
components obtained by this procedure, Cgo/Cyq, is
typically 4/1. The content of higher clusters is ca. 1%
of the fullerene mass. Also, fullerenes can be prepared
by heating carbon-containing compounds in a hot
plasma in front of a refractory shielding plate for col-
lecting fullerene-containing solid products. Another
method for preparation of fullerenes is burning car-
bon-containing substances (e.g., CgHg) at 1400-
3000 K followed by collection of fullerene-containing
condensates with the C;o/Cgq ratio within 0.26-5.7
[24]. The yield and composition of fullerenes are
governed by selectively controlled burning conditions
and other parameters such as the C/O ratio, pressure,
temperature, keeping time, diluent concentration, and
gas supply rate. Also, graphite can be heated by
directly passing electric current or using ultra-high-
frequency radiation under an inert gas atmosphere
[25, 26].

The resulting mixture of fullerene-containing prod-
ucts should be separated. This is usually done by ful-
lerene extraction from fullerene soot [27, 28]. Light
fullerenes Cg and C, can be separated by different
methods: chromatography [28, 29], low-pressure sub-
limation [30], or a method based on the difference in
the polythermal solubilities of light fullerenes [29, 31,
32]. The latter method is of interest, above all, for
prechromatographic separation of fullerenes; it allows
isolation of individual 90-95% pure fullerenes in a
yield of up to 80% of the total fullerene content.

EXPERIMENTAL

In this work, fullerenes were synthesized by the
standard method of graphite rod erosion in a high-
temperature plasma under helium [22]. This yielded
fullerene-containing soot with atotal fullerene content
of ca. 8.4 wt %. The fractional composition, %, of ful-
lerenes was as follows: Cgy 81.3, C5o 17.9; sum of
higher fullerenes C4g, Cgy, €tc. 0.8. Next, the fullerene
mixture was extracted with o-xylene in a Soxhlet-type
counterflow extractor. The residual amount of the ful-

lerene sum in the fullerene soot was under 0.1%. The
fullerene mixture in the form of o-xylene solutions
with a total fullerene concentration of ca. 7.8 gl‘1
was separated chromatographically on two series-
connected columns packed with graphite-like filler.
This gave Cgy and C4q of 99.9 and 99.0 wt % purity,
respectively (the only significant impurity is C,q in
Cep and Cgp in Cyp) in the yields of 85 and 60%,
respectively. The concentrations of fullerenes Cgy and
Cyp in the liquid phase were determined spectropho-
tometrically from the optical densities of solutions in
o-xylene at the wavelengths A; = 335.7 and A, =
472.0 nm [33]; solid mixtures of fullerenes were
first dissolved without residue in o-xylene and then
anayzed similarly. The concentrations of organic
solvents (o-xylene, isobutylamine, monoethanolamine,
etc.) in the coexisting phases were determined chro-
matographically on 3700 (Khromatograph plant, Mos-
cow) and LKhM-8MD (N, carrier gas, Chromaton N
AW DMCS, mobile phase PEG-6000) gas chromato-
graphs. In analysis of liquid phases for H,O content
we used helium as the carrier gas and Porapak Q as
the sorbent. The content of the solvents in the solid
phases was determined gravimetrically, by evapora-
tion to a constant weight at a temperature of up to
150°C and residual pressure of about 15 mm Hg.

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

Suitable for this purpose are systems whose main
components (solvents) have a fairly large concentra-
tion range of immiscibility. The physicochemical
properties of the coexisting phases should differ sig-
nificantly; in this case, the distribution coefficients of
the fullerene components between the phases can be
expected to differ significantly from unity. The distri-
bution coefficients should also be significantly dif-
ferent for fullerenes Cgy and C,. The most rigorous
requirement related to the process feasibility is that
the solubility of fullerenes Cgy and Cyq in both equi-
librium phases should be significant, namely, no less
than 50-100 mg of fullerenes in 1 | of solution.

Fullerene Cgy-fullerene C5—0-xylene-isobutyl-
amine-H,0 system at 25°C. Analysis of the coexist-
ing phases showed that the content, wt %, of the main
components of the solvent (o-xylene, isobutylamine,
and H)0) is as follows: o-xylene 3, isobutylamine
81, H,0 16 for the lower (amine) phase and o-xylene
65, isobutylamine 35, and H,O 0.1 for the upper
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Fig. 1. Distribution of fullerenes Cgj and C, between the
amine and o-xylene phases at 25°C. Fullerene content
in (A) isobutylamine and (B) o-xylene phase. System:
(1-3) Cgy—C;g—0-xylene-isobutylamine-H,O, (4) Cgy-
o-xylene-isobutylamine-H,0, and (5) Cyg—0-xylene-
isobutylamine-H,O. Fullerene: (1, 4) Cgq, (2, 5) Cyq, and
() Ceo* Cror
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Fig. 2. Distribution of fullerenes (a) Cg and (b) Cq bet-
ween the monoethanolamine and o-xylene phases in the
fullerene Cgy-fullerene C;4-0-xylene-monoethanolamine
system at 25°C. Content of fullerenes Cgy and Cyq in
(A) o-xylene and (B) monoethanolamine phase.

(xylene) phase. The content of these components in
the phases is virtually independent of the fullerene
content, as the coexisting phases are extremely dilute
with respect to fullerene components. The total mole
fraction of these components was estimated at X; =
10410 and X; = 10°-10 for the amine and
xylene phases, respectively.

Figure 1 shows the distribution of the fullerene
components Cg and C, between the amine and xyl-
ene phases for the quaternary systems Cgp—-0-xylene-
isobutylamine-H,O and C,5—0-xylene-isobutylamine-
H,O and the quinary system Cgy—C5—0-Xylene-iso-
butylamins-H,0 at 25°C. In these diagrams, the con-
tent of the macrocomponents (o-xylene, isobutyl-
amine, and H,0) is fixed, as well as the ratio of ful-
lerenes Cgp and C,q in the quinary system. The ob-
tained distribution diagrams proved to have an un-
expectedly simple form of straight lines (this allowed
their uniform geometric representation in Fig. 1). The
distribution coefficients of Cgp and Cq in al the three
studied systems proved to be invariant, irrespective of
whether both or one of the fullerenes were present in
solution (the fullerenes did not compete during extrac-
tion and were extracted independently). Moreover, the
distribution coefficients of both fullerenes Cgy and
Cso proved to be equal, namely, Ky = 16.1.

This fact is fairly difficult to interpret. Straight-line
distribution diagrams are typical, above al, for sys-
tems with ideal (with respect to the components being
extracted) phases. It is unlikely that fullerenes are ex-
tracted in the form of monomers solvated by solvent
molecules (in any case, this contradicts the data re-
ported by Golubkov et al. for o-xylene solutions [34,
35]). It remains to be suggested that fullerenes form
a mixture of individual associates like (Cﬁo)p(SoIv)”
and (C7O)q(SoIv)r2 and are extracted in these forms,
and the coexisting phases are idea specifically with
respect to the extracted species rather than to unas-
sociated monomers.

The fact that the distribution coefficients in extrac-
tion of Cgp and C4q are identical means that extraction
separation in the fullerene Cgy—fullerene C,g—-0-xyl-
ene-isobutylamine-H,O system is impossible.

Fullerene Cgy—fullerene  C,5—0-xylene-mono-
ethanolamine system at 25°C. Figures 2a and 2b
show the distribution of the fullerene components Cg,
and C between the monoethanolamine and o-xylene
phases in the quaternary system Cgg—C,o—0-xylene-
monoethanolamine at 25°C.

The content of the macrocomponents, o-xylene and
monoethanolamine, is fixed in the diagram (because
of the extremely low mutual solubility of o-xylene
and monoethanolamine of ca. 1 wt %). Also fixed is
the overall ratio of Cgy and Coq (46.5 wt % Cgp). Fig-
ure 3 presents the relative mass content of Cg (in the
Cgo + C7g mixture) in the coexisting phases as a func-
tion of the C,y concentration in the monoethanol-
amine phase of the Cgy—C;o—-0-xylene-monoethanol-
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amine system at 25°C. For clarity, the overall com-
position of the fullerene mixture being distributed
(Yoy = 46.5 wt % Cg) is shown with a dotted line.

The distribution diagrams for the Cgp—Cog—0-xyl-
ene-monoethanolamine system are more complex
than those for the fullerene Cgy—fullerene C,o—0-xyl-
ene-isobutylamine-H,O system. The distribution
diagrams for Cgy and C, are curved (concave toward
the concentration simplex axes) throughout the con-
centration range studied. It should be noted that, in the
case of fullerene Cgj (Fig. 2d), the curvature is much
stronger compared to C, (Fig. 2b). At all the con-
centrations, the monoethanolamine phase is richer in
both fullerenes than the o-xylene phase, since the co-
efficients of fullerene distribution between these
phases are always significantly over unity. Figures 2a
and 2b suggest that, with increasing concentration, the
distribution coefficients for Cg tend to monotonically
increase from ca. 2 (for dilute solutions with the total
fullerene concentrati on in the monoethanolamine
phase ¢; < 100 mg |- ) to 7 (for concentrated solu-
tions Wlth the maximal total concentration c¢; =
8400 mg |- ). By contrast, the distribution coefficients
for C4, tend to monotonically decrease with increas-
ing concentration from 12 (for dilute solutions) to
8.5 (for concentrated solutions). Figure 3 shows that,
with increasing total fullerene concentration, the rela-
tive mass concentration of Cgg (in the Cgy + Cog mix-
ture) in the coexisting phases gradually approaches the
overal composition of the mixture being distributed
(Yov = 46.5 Wt % Cgp), shown in Fig. 3 with a dotted
line. In solutions dilute with respect to the fullerene
components, fullerene C,q passes predominantly (rela-
tive to Cgp) to the monoethanolamine phase, and ful-
lerene Cg, to the o-xylene phase. In concentrated
solutions, this effect is leveled. The relative contents
of fullerene Cgg (in Cgp + C4 mixture) in the coexist-
ing phases approach each other and the overall com-
position of the fullerene mixture, i.e., the selectivity
of the phase distribution for Cgy and Cyq is lost.

Thermodynamically, it is fairly clear that the co-
existing phases (or even one of them) are nonideal
with respect to extractable species (Figs. 2, 3). The
fact that both phases are nonideal with respect to non-
associated fullerene components Cgy and C,5 was
mentioned earlier [34, 35]. However, the appearance
of the distribution diagrams suggests that at least one
of the liquid phases in the system under study is not
even idedly associated, i.e., it is not idea with re-
spect to the associated and solvated extractable fuller-
ene species. We observed such ideal association in
the case of the fullerene Cgy—fullerene C,5—0-xylene-

Y, wt %
80

60

o * Monoethanolamine phase
40 1 | 1 1

2000 4000 ¢, mg It

Fig. 3. Relative content of Cg (in the Cgp + Cy mixture)
Y in the coexisting phases as a function of the C, concen-
tration ¢ in the monoethanolamine phase of the fullerene
Cgo-fullerene  C4g-0-xylene-monoethanolamine  system.
Dotted line: overall composition of the fullerene mixture
being distributed, Y, = 46.5 wt% Cg.

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

It should be noted that fullerenes Cgy and C can
be separated by extraction in the fullerene Cgy—ful-
lerene  C,5—0-xylene-monoethanolamine quaternary
system at 25°C. Figures 2 and 3 suggest that the ful-
lerene components can be efficiently separated only in
the case of comparatively dilute solution W|th the total
fullerene concentration ¢; < 2000 mg I The best
results are obtained at still Iower concentrations: ¢; <
500 and even ¢; << 100 mg 1L It should be men-
tioned, however that very dilute solutions (c; <
100 mg I™Y) are unfavorable, because large amounts of
the solvents involved, which should be subsequently
evaporated make the process power- and labor-con-
suming. At high concentrations (¢ > 2000 mg |,
the separation is aso inefficient because of fairly low
separation factors. Hence, the optimal concentration
for separation of Cgy + C;o mixtures of an averaged
composition (from 20 to 80 wt % of Cep inthe Cgy +
Cyo mixture) is 500+200 mg -1,

Fullerene Cgy—fullerene C,g—0-xylene-dimethyl-
formamide (DMF)-H,0O system at 25°C. Analysis
of the system showed that the content, wt %, of the
main solvent components (o-xylene, DMF, and H,0)
in the coexisting phases is as follows: o-xylene 14,
DMF 67, and H,O 19 in the lower (DMF) phase, and
o-xylene 48, DMF 44, and H,O 8 in the upper
(o-xylene) phase.

Figures 4a and 4b show the distribution of the ful-
lerene components Cg and C4q between the DMF and
o-xylene phases in the Cgy—Cyo—0-Xylene-DMF-
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Fig. 4. Didtribution of (a) Cgp and (b) C4o between the
DMF and o-xylene phases in the fullerene Cgy—fullerene
Cyg-0-xylene-DMF-H,O system at 25°C. Cgy, Cyq ful-
lerene content in (A) o-xylene phase and (B) DMF phase.
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Fig. 5. Relative content of Cgj in the Cg + C;o mixture
in the coexisting phases Y as a function of the C, concen-
tration ¢ in the DMF phase of the fullerene Cgp—fullerene
C,g—o-xylene-DMF-H,O system at 25°C. Dotted line:
overall composition of the fullerene mixture being distri-
buted, Yo, = 77.7 wt% Cg,.

H,O quinary system at 25°C. The overall composi-
tion of the Cgy-C;o mixture used was fixed at
77.7 wt% Cg.

The distribution diagrams for Cgy and C4g adso
proved to be curved throughout the concentrated range
studied. It should be noted that, in the distribution
diagram for fullerene C;q, the curvature is much
stronger compared to Cgp, and the o-xylene phase is
always richer in both fullerenes than the DMF phase.
The distribution coefficients (the concentration ratio
of the o-xylene to DMF phase) vary for Cgj insig-
nificantly with increasing concentration and are esti-
mated at ca. 200 (Fig. 4a). The distribution coeffi-
cients for C,y vary more strongly with increasing

concentration; they monotonically increase from 1
(for dilute solutions with the C concentratlon in the
o-xylene phase of under 20 mgl™) to 4 (for
concentrated solutions with the Cq concentratlon in
the o-xylene phase of over 200 mgl|™) (Fig. 4b).

Of principal importance is the fact that the separa-
tion factor equal to the ratio of the Cg and Co distri-
bution coefficients is large, namely, 50 < Kq < 200,
which offers promise for phase separation. Indeed, the
o-xylene phase predominantly accumulates Cgq (80—
84 wt %), and the DMF phase, C4q (92-97 wt %).
Figures 4 and 5 suggest that the separation is the most
efficient in dilute solutions, though in comparatively
concentrated solutions the separation is very efficient
as well. Evidently, the optimal concentratlons for
separation of Cgy and Cyq are 800-1000 mg I itis
impossible to markedly increase the total fullerene
concentration in solution relative to the indicated
range, as a solid phase is immediately formed in the
DMF phase, which disturbs the extraction equilibrium.

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

CONCLUSIONS

(1) The extraction equilibria liquid I-liquid Il were
studied in the Cgy—C-g—0-xylene-monoethanolamine
quaternary system and Cgo—C,o-0-xylene-dimethyl-
formamide-H,O and Cgy—Cg—0-xylene-isobutyl-
amine-H,O quinary systems at 25°C.

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

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

Though copper-containing fungicides are well
known [1-5], in this work we tried to prepare new
copper-containing fungicides with carbon materials as
supports.

It was found [6-11] that, in sorption of copper(Il)
compounds on activated carbons, various forms of
sorbed copper(ll) are formed, depending on the proc-
ess conditions, chemical nature of the sorbent surface,
and structure of the carbon material. The carbon sur-
face is active, it can bear an eectrical charge and con-
tain various functional groups. Hence, contact with
salt solutions can be accompanied by the exchange of
anions (with the release of OH™ ions into solutions)
and cations (with acidic functional groups in the oxi-
dized samples). At anion exchange in the presence of
copper(ll) salts, hydroxides and basic salts are formed
in the carbon pores. Also [8-11], at contact with con-
centrated solutions, the multilayer coverage of the
pore surface with copper(ll) compounds is possible.
Such preparations (impregnated carbons), in which
granules (particles) of activated carbon support are
filled with a certain compound, are widely used as
chemosorbents, cataysts, etc. [8-11].

As for carbon materials modified with copper(Il)
compounds, it is known [8-10] that they can contain
a water-soluble (WS) fraction sorbed in the interlayer
or intrapore space and an acid-soluble fraction in
the form of basic salts or copper(ll) bound by cation
exchange. Such a variety of the forms of bound
copper(ll) alows synthesis of preparations with the

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

The aim of this work was to prepare modified car-
bon materials with fungicidal and antimicrobial prop-
erties, to determine the optimal synthesis conditions,
and to obtain a series of experimental samples for full-
scale tests. For this purpose we prepared about
30 samples, mainly based on granulated and powdered
anthracite! In some cases, natural peat was used as
copper support. Modification was performed in the
static sorption mode: a weighed portion (5-1000 Q)
of the carbon material was shaken for 4 h with the
required volume (15-5000 ml) of a copper(Il) chloride
solution of appropriate concentration. To determine
the optimal synthesis conditions, we varied the type of
the initial material, its granulation, copper(ll) salt
concentration, pH value, etc. In specia tests we re-
corded the copper(Il) sorption isotherms (Fig. 1) and
performed washing out of weakly bound (WS) cop-
per(11) (Fig. 2) and desorption of copper(I1) (sorbed or
bound by ion exchange) from the sorbent surface.

As seen from Table 1, the samples studied con-
tained different amounts of sorbed copper(ll). Using
sorption isotherms and the ratio of the sample weight
to solution volume, we can calculate the required
amount of copper(I1) in the preparation. Copper(ll) is
strongly sorbed on both anthracite and peat (Fig. 1).

1 Due to the short supply of special-purpose activated carbons
for rapidly expanding areas of their application, utilization of
cheap carbon materials, e.g., activated anthracite, is an urgent
problem. Search for new processes to obtain valuable products
from the waste of powdered anthracite production is also im-
portant.
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Table 1. Conditions of modification of carbon materials to impart to them fungicidal and antimicrobia activity
Sarr]rgr.)le Carbon sorbent, treatment procedure Treatmg?éqv&/il;clhlgudz, Coy Wt %
1 Pesat 5 540
2 " 3 16
3 " 2 14
4 " 1 24
5 " 0.1 0.45
6 " 0.01 0.05
7 APA* 5 37.6
8 " 3 3.8
9 " 2 4.2
10 " 1 4.3
11 APA treated with 1% NaOH solution and washed with water 0.1 11
12 APA treated with NH; vapor and washed with water 0.1 11
13 APA 0.015 0.08

AGA** particle size, mm:
14 1-05 5 60.8
15 0.5-0.2 5 60.8
16 0.2-0.1 5 60.8
17 0.2-0.1 2 3.2
18 AGA treated with 1% NaOH solution and washed with water 0.1 12
19 AGA treated with NH; vapor and washed with water 0.1 12
20 Anthracite washed with water and 0.1 M KOH solution (0.01- 4 64.0
0.0005 mm particle size)
21 Anthracite (0.01-0.0005 mm particle size) 0.1 12.8

* (APA) Activated powdered anthracite.
** (AGA) Activated granulated anthracite.

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

A, mg-equiv gt
4 =

1 3 5

Ce, g-€quiv |2
Fig. 1. Isotherms of copper(Il) sorption A from industrial
copper-containing solution on (1) granulated activated
anthracite and (2) peat. (co) Equilibrium concentration of
copper(l1). (1) Sample no. 15, m=5 g, V = 25 ml, contact
time 5 h; (2) sample no. 5, m= 20 g, V = 100 ml, contact
time 4 h.

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76

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

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

Ce, Mg-equiv 12
30 -1

2
20T

1 3 5V, 1

Fig. 2. Desorption of copper(ll) ions from copper-modified
anthracite samples by triple treatment with distilled water
(3x51). (cg) Equilibrium concentration of copper(ll) and
(V) water volume. Copper(ll) content in anthracite, %:
(1) 15 and (2) 3.
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Table 2. Fungicidal and antimicrobial activity of copper-containing carbon materials in laboratory tests

. Inhibition of spore growth, | Antimicrobial activity* with respect to
Sarr]rgr.)le Carbon material Sr?%l)?— %, in indicated time, h indicated cultures
(Table 1) tion, mm | 24 80 | 1, | 5, | 8982 | 8163 | 549
Untreated peat Natural 14.3 40.0 - + + ++ + +
Untreated anthracite 0.5-0.2 25 47.0 61.8 + + + + +
1 Peat Natural 100.0 92.3 100.0 + + + + ++
2 " " 97.9 90.0 100.0 | +++ | +++ [ +++ + +++
3 " " 97.6 90.0 100.0 +++ +++ +++ ++ +++
4 " " 96.6 24.0 100.0 +++ +++ +++ ++ +++
5 4 " 55.2 935 - Not determined
6 4 " 8.0 51.6 - Not determined
7 Anthracite Powdered 97.7 97.0 100.0 + + ++ ++ +
8 4 " 100.0 90.0 100.0 | +++ | +++ | +++ ++ +++
9 4 " 100.0 94.0 100.0 | +++ | +++ | +++ ++ +++
10 " " 100.0 94.0 99.1 + +++ |+t ++ ++
12 " " 99.0 95.0 - Not determined
13 " " - - - Not determined
14 " 1-05 100.0 98.0 100.0 + + + + +
15 " 0.5-0.2 97.7 94.0 100.0 + + + + +
16 " 0.2-0.1 96.6 92.0 100.0 + ++ + + +
17 " Commercial| 93.9 89.4 - Not determined
Reference | 3Cu(OH), - CuCl, - xH,0 - 40.4 51.0 79.8 ++ ++ +++ ++ ++
Water (blank test) - - - + + + + +

* Antibacterial activity was determined using the phytopathogenic cultures Predomanas lachrymans (15 and 5, strains) and Ervinia
(8982, 8163, and 549 strains); (+) weak sensitivity, sterile area diameter 15 mm; (++) moderate sensitivity (15-25 mm); and

(+++) high sensitivity (more than 25 mm).

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

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

Experiments on the kinetics of copper(ll) washing
out with water from samples with a fairly high metal
content showed that copper(ll) is actively washed out
in the first 5 min. This fact suggests that the diffusion
factors do not noticeable affect the copper desorption,
and at longer contact with water the copper desorption
increases only dlightly. The residual copper(l1) content
after treatment with water for 1 h was 6.4 mgg™.
We failed to remove al the sorbed copper from the
samples with water, which suggests that it occurs in
activated carbon in different chemical forms.

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

Ukrainian Research Institute of Plant Protection
(Kiev, Ukraine), we prepared a pilot series of the
samples for the field plant protection tests. We deter-
mined the sorption capacity and desorption of cop-
per(ll) in single and multiple treatments with water
(Fig. 2). As seen, in successive treatments copper(l1)
is gradually washed out.

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

Analysis of our experimental data showed that
unmodified carbon materials exhibit no fungicidal and
antimicrobial properties (Table 2). With addition of
copper(ll), amost all the samples acquire the fungi-
cidal activity. It should be noted that the strong inhibi-
tion of the spore growth was observed with both the
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anthracite samples impregnated with concentrated
(2-5 N) copper(Il) chloride solutions, which probably
contain al the above forms of bound copper and sig-
nificant amounts of weakly bound water-soluble
species, and with the samples treated with dilute solu-
tions, which contain smaller amounts of readily re-
movable copper(I1). Therefore, there are good grounds
to expect that such preparations can provide the re-
quired fungicidal effect at lower copper(ll) consump-
tion.

Sample nos. 17 and 18, treated after sorption with
akali, showed high activity; the fungicidal activity of
modified peat may be of practical interest. After such
a treatment, copper(ll) in the sorbent can occur as
oxychloride, i.e, in the form similar to the reference
compound 3Cu(OH),- CuCl,-xH,0, x = 0-3 or hy-
droxide; certain its fraction also can be bound by the
cation-exchange mechanism.

Comparison of the fungicidal activity of the sam-
ples (Table 2) showed that some samples, e.g., modi-
fied copper-containing samples of anthracite (sample
nos. 8-10) and peat (sample nos. 2-4) are more effec-
tive in the spore growth inhibition and in suppression
of a series of phytopathogenic bacteria as compared
to the reference. Since the above preparations were
obtained using concentrated solutions and they con-
tained significant amounts of water-soluble copper(ll),
we assume that their antimicrobial properties are pre-
dominantly determined by the released copper(ll).

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

In the field tests, we used the samples with various
forms of bound copper(l1), prepared by impregnation
of carbon materia with both concentrated and dilute
solutions of copper(ll) chloride. After sorption, the
samples were washed to remove excess copper(ll)
with distilled water (sample no. 16) and with water
and akaline solution (sample no. 20). In the latter
case, we assume that the major fraction of copper in
the sample occurs in the form close to 3Cu(OH),-
CUC|2'XH20.

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

small content of copper(l1) exhibited no such activity;
no phytotoxicity was observed in the field tests. Sam-
ple no. 21 with the copper content by an order of
magnitude smaller than in the reference exhibited a
fungicidal activity in the field tests.

CONCLUSION

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

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

It is commonly believed that there exists the op-
tima pore size of a catalyst for any particular type of
raw materials. However, despite that the literature
contains a voluminous material concerning the syn-
thesis techniques and the structure of auminum hy-
droxides and oxides of varied morphology, data on
the influence of particular industrial procedures on
the texture of aluminum oxide obtained by reprecipita-
tion are rather scarce [3-7].

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

EXPERIMENTAL

Aluminum hydroxides (AH) were synthesized
under industrial conditions by batch precipitation
using the sulfate process. The hydroxide samples
were analyzed for the content of impuritiess Na
ions (in terms of NaZO) by flame photometry on a
Flapho-4 instrument; SO3 ions, by a procedure de-
scribed in [8]. The texture characteristics were deter-

mined on an ASAP 2010 Micromeritics universal
analyzer of surface area and porosity. Adsorption iso-
therms were measured at 77 K, degasa ng was done
at 773 K to a residua pressure of 104 mm Hg. The
specific surface area was determined by thermal
desorption of nitrogen. was caculated with ac-
count of the adopted surface area of the nitrogen mole-
cule (0.162 nm?). The density of nitrogen in the
normal liquid state was 0.808 gcm™. The relative
error in S, measurements was +3%. The pore volume

Vp, cm® gt
250 F

150 F )

0.2 0.6 1.0
P/P,

Fig. 1. Isotherms of adsorption—desorption of nitrogen
(77 K) from AH samples. (Vp) Measured pore volume and
(P/Pg) relative pressure of nitrogen. Precipitation tempera-
ture, °C: (1) 40, (2) 50, and (3) 80.
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Table 1. Effect of precipitation temperature T, on the texture characteristics of aluminum hydroxides

3 1 |Distribution of pores, cm3 g/%,| 1*-10% cm3gl Al 5
To | Seer. | Y ™9 | with respect to diameter, A | at indicated diameter, A | O3 | N@&O
°C mZ g—l
Vy Y% 13-50 | 50-100 | >100 | 16-22 | 36-37 | 42-46 %
40 370 044 | 046 | 031/68 | 0.04/9.4 | 0.11/24 - 520 - 224 | 0016
50** | 460 0.61 0.63 | 0.37/59 | 01117 | 0.15/21 70 280 - 1.82 | 0.012
60 404 0.71 0.72 | 0.31/43 | 0.30/42 | 0.11/15 30 175 175 179 | 0.013
70 405 0.84 | 085 | 0.28/32 | 0.27/32 | 0.30/36 35 160 130 227 | 0016
80 423 0.97 0.98 | 0.36/37 | 0.29/30 | 0.33/34 30 180 20 178 | 0.011

* | is the intensity of pore size distribution peaks.

** The porogram has a pesk at 82 A (intensity 0.002 cm3 g A—l)

V,, and pore size distribution were calculated from the
desorption portion of the isotherm, using the standard
Barrett-Joyner—Highland procedure [9]. The measure-
ment error was +13%. X-ray studies were carried out
with a DRON-2 diffractometer (FeK,, radiation with
B-filter). The range of 26 angles in which measure-
ments were made was 0°-100°.

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

AH precipitated at 40°C shows atype Il adsorption
isotherm with a hybrid hysteresis loop H2-H3 by the
IUPAC classification. The cumulative specific surface
area S; exceeds the specific surface area found by
BET (S;: Sger = 1.27 for the given sample). This
indicates that the deposit has tubular pores with con-
strictions [9, 10].

Raising the precipitation temperature to 50°C
changes the type of the hysteresis loop from H2-H3
to H3. The steep slope of the adsorption branch points
to the absence of mesopores with medium diameters,
and the narrow hysteresis loop, to uniformity of the
pores. A hysteresis loop of this type is characteristic
of dlitlike pores between two parallel plates, open
on al sides.

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

The texture characteristics of the AH synthesized
are listed in Table 1. In view of the fact that larger
part of AH samples had finely porous structure and
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the peaks in pore size distributions in porograms
(Fig. 2) lie fairly close to one another, we used the
intensities of these peaks assuming that they are pro-
portional to the contribution of pores of a given
diameter to the total pore volume.

The pore structure of AH precipitated a 40°C
(Sp =370 m*g%; V, = 0.44 cm? g7) is characterized
by high-intensity peak of the pore size distribution
(0.052 cm® g+ A1) at 37 A, and, in accordance with
the descending run of the porogram in the initial por-
tion of the curve, there is a peak with undeterminable
intensity in the range of narrow (<14 A) pores. The
pore volume is 0.31 cm?® g‘ (68% of V, ) in the range
13-50 A and 0.043 cm® g (9.4% of Vi ) in the range
50-100 A (Table 1, Fig. 2).

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

dV,/dD, cm? gt A7
0.05F

ST

0.02

0.01
0.016

0.008

50 100
Fig. 2. Pore volume (Vp) distribution curves for AH sam-
ples. (D) Pore diameter; the same for Fig. 3. Precipitation
temperature, °C: (1) 40, (2) 50, and (3) 60.

D, A
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Table 2. Variation of texture characteristics with time for AH samples precipitated at low temperature*

N v I x10%, em® gt AL, at indicated Distribution of pores, cm? g~%/%,
T, SET p des diameter, A with respect to diameter, A
days | m?g?
cmd gt 23 36 46 51 66 50 50-80 >80
1x* 224 0.50 0.50 8sh | 30sh*** 40sh 45sh | 66sh 0.05/10 0.21/43 | 0.24/47
25 259 0.45 0.46 15sh |97 65sh 68sh | 80 0.11/23 0.26/56 0.10/21
75 286 0.52 0.52 18sh |92 - 105sh | 130 0.10/20 0.35/68 0.06/12

* (1) Aging time.

** The porogram contains a broad peak of pore volume distribution a 80 A (I = 0.0070 cm3 g A‘l)
*** Pegk in the pore volume distribution at 33 A; (sh) in the form of a shoulder.

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

Raising the precipitation temperature to 50°C leads
to the appearance of peak in the pore S|ze dlstn bution
a 16 A with intensity of 0.007 cm3gt A7, and the
intensity of the peak at 37 A decreases from 0.052 to
0.028 cm3 g‘1 A‘1 The specific surface area of this
AH is 459 m? g 1 and the pore volume, 0.63 cm?® g
Such a strong mcrease in the specific surface area |s
probably due to dispersion of fibrillar particles of gel-
like boehmite to give plates of “microcrystalline boeh-
mite” [10], which form, via undirected mutual coordi-
nation, slit-like pores of the diameter exceeding 50 A
The volume of pores with the diameter less than 50 A

is 0.372 cm® gL, which is close to the corresponding

value for AH obtained at 40°C (0.31 cm® g™%); how-
ever, it constitutes only 59% of V,. It may be stated
that the increase in the pore volume is due to the for-
mation of secondary porosity in the range 50-100 A,

dV,/dD, cm? gt A~
0.012

0.008

0.004

50 150 250 D, A
Fig. 3. Pore volume (Vp) distribution curves for AH sam-
ples precipitated at low temperature, (1) 1, (2) 25, and
(3) 75 days after the synthesis.

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

Raising the precipitation temperature further leads
to a gradual shift of the peak in the pore size distribu-
tion at 42 A to larger diameters (to 50—60 A), where-
as the position of the peaks at 25 and 36 A remains
virtually unchanged The measured pore volume first
grows (T = 50-60°C) in the range 50-100 A (to

0.30-0. 36 cm® g1 and then (T, > 70°C) at diameters

exceeding 100 A (also to 0.30— 0 33cm® g b, and the
specific surface area decreases. In the diameter range
13-50 A, all the hydroxides synthesized have approx-

imately the same pore volume of 0.30-0.36 cm® gt

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

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

The initial cold-precipitated hydroxide has a bidis-
perse structure with peaks of about the same intensity
a 20 and 36 A in the pore size distribution, low pore
volume (O 37 cm® gY), and large specific surface area

(357 m®gY) (Table 3, Fig. 4).
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Table 3. Effect of stabilization temperature Ty on texture characteristics of AH precipitated at 20°C

Na,O | SO% S, Y Diameter D, A, and intensity | x10%, cm3gtA-1

Tg °C Rl I i
% m=g= | Mg D, I D, I, Dy I3
30 0.080 1.62 357 0.35 20.2 175 35.9 173 - -
50 0.040 1.83 291 0.34 254 58 36.0 641 - -
60 0.025 2.64 274 0.31 25.0 58 35.6 560 - -
70 0.020 181 297 0.37 254 78 - - 404 326
80 0.020 1.27 334 0.42 251 100 - - 404 476
90 0.086 1.73 318 0.41 254 96 36.6 202 46.0 271
102 0.070 1.46 306 0.42 254 80 36.6 176 50.0 270

Raising the stabilization temperature to 60°C in-
creases the intensity of the peak in the pore S|ze dlstrl
bution at 36 A from 0.173 to 0.560 cm3 gt AL and
the peak at 20 A is shifted to 25 A, W|th its mtensty
decreasing from 0.175 to 0.058 cm®> gt AL In the
process, the type of the hysteresis loop remains vir-
tualy unchanged. It may be assumed that fibrils of
gel-like pseudoboehmite with the pore size distribu-
tion peak at 36 A are formed under these conditions.
Further increase in the stabilization temperature leads
to a decrease in the intensity of the peak at 36 A from

0.560 to 0.202 cm®g™* A1 (90°C) and appearance
of a peak at 40 A, gradually shifted to around 50 A
with increasing stabilization temperature. No sig-
nificant change in the specific surface area or pore
volume occurs in the process. Consequently, it may be
assumed that pores 40 A in diameter are formed with-
in a structure constituted by fibrillar fragments as a
result of hydrothermal transformations of the hydrox-
ide. This is indicated by a change of the type of the
hysteresis loop from H3 to H2, which points to forma-
tion of bottle-shaped pores. It may be assumed that no
microcrystalline boehmite is formed in stabilization
of low-temperature hydroxide, which is indicated by
the absence of pores more than 100 A in diameter.
The total pore volume remains rather small.

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

Raising the temperature of AH precipitation and
stabilization makes the content of bayerite in the pre-
cipitate lower and the size of bayerite microcrystals
larger. If account is taken of the fact that bayerite
mlcrocrystals are characterized by presence of dlitlike
micropores 15-20 A in diameter [10, 12], then the
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high-intensity peaks in the pore size distribution,
observed at 18-20 A for low-temperature AH samples
(Table 4, sample nos. 1 and 8) are due to the presence
in the precipitate of a hydroxide of just bayerite
morphology. Raising the temperature of stabilization
or precipitation leads to disappearance of these peaks
with another peak appearing, instead, in the pore size
distribution at 22-25 A. The intensity of this peak
does not correlate with the content of gibbsite or
bayerite in AH.

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

3 -1 a o
Vp, cme g @ 4vyap, cmd gt At ©
300F
A 0.025}
200} 0.015[
i 1 X i
0.005}
100}
- 0.008}
100k 2 0.006}
sok 0.002} 2
0.2 0.6 1.0 50 100 150
PIP, D, A

Fig. 4. (a) Isotherms of adsorption—desorption of nitrogen
and (b) pore volume (Vp) distribution curves for AH pre-
cipitated at 20°C. (D) Pore diameter and (P/Pg) relative
pressure of nitrogen. AH stabilization temperature, °C:
(1) 60 and (2) 102.

No. 1 2003



52 LAMBERQV et al.

Table 4. Effect of synthesis conditions on the phase

composition of AH

Pseudoboehmite
Temperature
Sam- | of AH prep- crystallite size along defectiveness along in- Phase composition,*
ple aration, °C  |indicated crystallograph- | dicated crystallographic| unit cell size, A wt %
no. ic axis, A axis, %
Tp Ty** b a c b a c b a c Pom | Byr | Gbs
1 20 | 30 9.70 | 26.80 | 21.70 52 | 266 | 100 | 129 | 37 | 27 | 345 | 417 | 208
2 20 | 70 16.03 | 5542 | 36.94 | 115 | 24.0 30 | 130 37 | 27 | 815 - -
3 20 (102 1825 | 65.16 | 24.89 | 100 | 247 58 | 127 | 3.7 | 28 | 911 - 8.8
4 20 | 50 9.70 | 44.00 | 2212 | 139 | 247 52 | 129 | 37 | 27 | 97.7 - -
5 60 | 50 19.99 | 68.67 | 30.85 85 | 204 80 | 125 37 | 28 | 580 | 30.2 | 117
6 50 (100 19.67 | 63.67 | 41.44 5.6 2.0 59 | 125 | 3.7 | 28 | 96.6 - -
7 50 | 70 20.33 | 52.06 | 1436 | 116 | 214 69 | 126 | 3.7 | 28 | 97.0 - -
8 40 | 50 1068 | 431 | 55.07 | 10.7 2.8 68 | 128 | 3.7 | 27 | 327 | 46.1 | 21.2
9 40 |102 21.25 | 81.54 | 79.02 9.3 1.8 30 | 126 37 | 28 | 80.0 | 16.6 33
10 20 | 50*** |1450 | 60.70 | 33.86 | 104 | 22.8 78 | 127 | 3.7 | 28 | 91.8 - 7.7
11 20 | 50O**** |16.60 | 54.98 | 25.49 9.81| 231 6.3 | 128 | 3.7 | 27 | 88.9 - 109
* Pbm, pseudoboehmite; Byr, bayerite; Gbs, gibbsite.
** pH 9.2,
*** pH 9.4,
**%% pH 9.6.

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

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

100
100 100 |

100

2

100 100
100 100 100 100
100 100 100 100
100 100 100

100

3 4

Fig. 5. (1) Microcrystalline structure of pseudoboehmite
and (2-4) ways of its coordination. Fragment: (2) | (D ~
22-25 A), (3) Il (D =37 A), and (4) 11l (D ~ 40-60 A).

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

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

At the same time, coordination between primary
microcrystallites of pseudoboehmite is the most prob-
able in the (010) plane via formation of bridging
OH groups or hydrogen bonds. The cleavage planes of
unit cells of pseudoboehmite contain excess water (Up
to 1.7 mol per mole of Al,O5) firmly bound by
H bonds in the interplanar space, which is indicated
by strong broadening of diffraction peaks correspond-
ing to the (010) plane. It is this water that ensures
lability of contacts between pseudoboehmite micro-
crystallites.

Comparison of data on the phase composition of
AH and their texture characteristics allows the follow-
ing interpretation of the data obtained. Pores 20-25 A
in diameter, appearing in the course of AH structur-
ing, may be due to mutual coordination of like faces,
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Table 5. Peaks in the pore size distribution in AH samples

Temperature of AH preparation, °C Peaks in pore diameter distribution a indicated D, A
calculation experiment
Ty Ty
D, D, Ds D, D, D3
20 70 23 33 - 25 36 -
20 102 27 38 55 25 37 50
20 50* 17 23 33 17 25 36
60 50 28 40 48 25 40 45
50 70 27 38 61 25 36 60
20 50** 25 36 - 26 36 -
20 50* ** 23 33 - 25 36 -
* pH 9.2 ** pH 9.4. *** pH 96.

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

Pores 32-36 A in diameter are probably formed via
coordination of the (010) planes of microcrystallites to
give fragment Il (Fig. 5), with trandation of the
image in the direction perpendicular to the plot plane.
Pores with larger diameters are formed via non-
coherent dimerization of microcrystallites along the
b-axis. The calculated and actual values of the pore
size distribution peaks are listed in Table 5.

The main criterion characterizing the strength of
intercrystallite binding in pseudoboehmite is its unit
cell size along the b-axis, determined by the amount
of interplanar water. For example, at the unit cell size
exceeding 12.5 A (H,O content higher than 1.4 mol
per mole of Al,Os3), the hydroxide is described as
gel-like pseudoboehmite, which is characterized by
bottle-shaped pores formed via directed mutual coor-
dination of primary particles of pseudoboehmite,
small pore volume, and labile intercrystallite contacts
of “coagulation” nature (van der Waals or hydrogen
bonds) [10, 11]. The contacts are easily destroyed
under peptization or other external actions. Virtualy
all AH samples precipitated at low temperature can be
related to gel-like pseudoboehmites even after stabili-
zation. Further structuring of the precipitate occurs
via noncoherent coordination of the (100) planes of
pseudoboehmite microcrystallites (which is indicated
by high defectiveness along the crystallographic
axis a) to give fibrillar fragments in the direction
perpendicular to the plane of the figure.

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

volume formed via undirected mutual coordination of
microcrystallites to give dlitlike pores without any
clearly pronounced peak in the pore size distribution
and firm contacts between primary particles. These
contacts are of “crystallization” nature [11] (content of
interplanar water less than 1.4 mol per mole of Al,O3)
and do not disintegrate under the action of peptizing
agent. Hydroxides obtained at 50°C are formed of
microcrystalline pseudoboehmite to a greater extent.

It follows from Table 4 that, for most of the hy-
droxides synthesized, the crystalite size along the
b-axis exceeds the size of the unit cell of pseudo-
boehmite along the same axis. Therefore, it was as-
sumed that the probable dominant ‘“crystallization
center” [13] is fragment Il (Fig. 5) formed via mutual
coordination of dimeric microcrystallites to give pores
33-37 A in diameter. For example, hydroxides syn-
thesized at 20°C (pH 8.8-9.6) and stabilized at 50°C
contain 90% pseudoboehmite and have a virtually
unimodal pore structure (V,, ~ 0.40 cm® g%) with the
pore size distribution peak at 37 A (60-70% of V)
having intensity of 0.05-0.07 cm3gtA™.

The formation of pores of large diameters in sta-
bilization of AH prepared at low temperature is prob-
ably due to occurrence of hydrothermal conversion
within fibrillar structures [10], which are accompanied
by a discrete local increase in pore diameter (Fig. 5,
fragment I11). Thisisindicated by a change in the type
of the hysteresis loop from H2-H3 to H2 (bottle-
shaped pores). No destruction of fibrillar fragments
occurs in stabilization, which is confirmed by insig-
nificant changes in the specific surface area and pore
volume.

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

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

CONCLUSIONS

(1) Industria cold-precipitated hydroxides (T, ~
50°C) are gel-like pseudoboehmlteﬁ with small pore
volume gup to 0.4 cm® g ) associated with pores 25
and 36 A in diameter. Their pore structure is due to
fibrillar pseudoboehmlte fragments containing pores
with diameters mainly in the range 36-37 A. Stabili-
zation of cold-precipitated hydroxides leads to forma-
tion of bottle-shaped pores as a result of hydrothermal
synthesis within fibrillar structures, with distribution
peaks appearing in the range 40-60 A. The specific
surface area and pore volume remain virtualy un-
changed upon stabilization.

(2) Hot-precipitated hydroxides (T, > 50°C) are
formed of finely crystalline pseudoboehmite with dlit-
like pores open on all sides. The pore structure is
due to undirected mutual coordination of platelike
particles, with crystaline contacts formed between
them. The hydromd&s are characterized by large pore
volume (>0.6 cm3g™) without any clearly pro-
nounced peak in the pore size distribution.

(3) It is proposed that conventional discrimination
of hydroxides into microcrystalline and gel-like
should be based on the size of the unit cell of pseudo-
boehmite along the b-axis. The unit cell is equal to, or
greater in size than 125 A for gel- -like pseudo-
boehmite, and less than, or equal to 12.5 A for micro-
crystalline pseudoboehmite.

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

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

(5) Based on the results obtained, a model of tex-
ture formation in auminum hydroxide precipitate is
proposed and peaks in pore size distribution are calcu-
lated. The calculated and actual positions of peaks
in the distribution are close.
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Abstract—Extraction of lanthanides(l11) [La(lll)-Lu(l1l)] and yttrium(l11) with toluene solution of trialkyl-
benzylammonium naphthenate mixture was studied. The equations of extraction isotherms taking into account
formation of the extractable complexes (R,N),[LN(NO3)sA,] (A is naphthenate anion) were obtained. The
extraction constants of lanthanides [La(lll)-Lu(I1l] and yttrium(lIl) were calculated.

Organic solutions of quaternary ammonium base
(QAB) salts with organic anions are widely used for
extractive recovery and separation of nonferrous and
platinum metals [1, 2]. We found no information on
extraction isotherms of rare-earth metals(I11) (Ln) with
such binary extractants. In order to fill this gap in
the extraction chemistry of lanthanide(lll) and yttri-
um(l11), we studied extraction of theses metals (as ni-
trates) with a toluene solution of trialkylbenzylam-
monium naphthenate.

The concentration of trialkylbenzylammonium
naphthenate (TABANP) in toluene was 0.42 M.
The general formula of TABANP is CgHg(C7H5-
CgH10)3N*A™, where A~ is the naphthenate anion. In
our expenments we used a mixture of naphthenic
acids (natural carboxylic acids containing carboxy
groups bound to five-membered rings, M,, = 220).

Trialkylbenzylammonium naphthenate was pre-
pared as follows: (1) an organic solution of trialkyl-
benzylammonium chloride was converted to the hy-
droxide by triple contact with aqueous 5-7 M NaOH,;
(2) the excess akali was removed by repeated scrub-
bing of the organic phase with distilled water until
pH of the wash water decreased to 8-9; (3) triakyl-
benzylammonium hydroxide was mixed with stoi-
chiometric amount of naphthenic acids and this mix-
ture was dissolved in toluene (chemically pure grade).
The resulting binary extractant was washed with dis-
tilled water to pH 7.

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

QAB sdlt was determined by the method reported in
[3]. Ln(l1) nitrates were prepared by dissolving the
corresponding Ln(I11) oxides (ultrapure grade) in nitric
acid (analytically pure grade). Extraction was carried
out in graduated tubes at the 1: 1 ratio of the organic
and agueous phases. Changes in the volumes of the
organic and aqueous phases did not exceed 2 rel. %.
The Ln(l11) concentration in both the initial and equi-
librium aqueous phases was determined by titration
with a standard aqueous solution of disodium ethyl-
enediaminetetraacetate in the presence of xylenol
orange as indicator [4]. The Ln(l1l) concentration in
the organic phase was determined as the difference
between its content in the initial and equilibrium
agueous phases taking into account the changes in
the volumes of the aqueous and organic phases after
extraction.

The relative errors in preparing solutions were
within +£0.5%; in determining Ln(I11) concentration,
1+(0.5-2)%; and in determining the distribution coef-
ficients, +(1-3)%. The IR spectra of the organic phase
(thin liquid layer between KBr plates) were recorded
on UR-20 IR spectrometer (Germany) within the 700—
1900 cmt range against the pure solvent (toluene).

Figure 1 shows the extraction isotherms of Ln ni-
trates with 0.420 M TABANP in toluene at 298+
0.5 K. It is seen that al the extraction isotherms show
saturation with respect to Ln(ll1) at Cg: [Ln ](o) -
2:1{Cg is the total TABANP concentration in the
organic phase and [Ln>*](0) is the equilibrium Ln(lI1)
concentration in the organic phase; the indices (a)
and (o) refer to the aqueous and organic phases, re-
spectively}. This fact shows that lanthanides(ll)
are extracted in the form of mixed-ligand complexes
(RgN)[LN(NO3)zA,] [8].
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Fig. 1. Extraction isotherms of Ln(lll) nitrates with
0420 M TABANP in toluene at T = 298 K and pH 3.
[Ln3*](0) and [Ln3*](a) are the equilibrium Ln(I11) concen-
trations in the organic and agueous phases, respectively.
(& Ln(1): (1) La, (2) Pr, (3) Sm, (4) Gd, (5) Dy, (6) Er,
and (7) Yb; (b) Ln(ll1): (1) Ce, (2) Nd, (3) Eu, (4) Th,
(5) Ho, (6) Tm, (7) Lu, and (8) Y.

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

Ln3*(@ + 3NO3(@ + 2R,NA(0)
= (R4N)2[Ln(NO3)3A5](0). 1
The concentration extraction constant is expressed by

_ [(R4N),LN(NO3)3A ] (0)
~ [Ln%](3) INO3%(@) [RyNATZ(0)

Dex

= 2
[NO313(a) [R4NA]%(0) @

where D, is the Lnlll) distribution coefficient.

The correlation between the concentration (Kgx)
and thermodynamic (K2?) extraction constants is
described by

Y[(R4N),LN(NO3)3A,](0)

K02 = K2
“ YE Y2 (R4NA)(0)

ex ex

©)

where Y;j(0) are the molar activity coefficients of the

extractable complex and free TABANP in the organic
phase, and Y, is the mean ionic molar activity coef-
ficient of Ln(lll) nitrates in the aqueous phase.

Assuming that
Y[(R4N),LN(NO3)3A,](0)
Y2(RyNA)(0)

= const = 1,

Eg. (3) can be transformed to the form
K32 = K3/vi @)

Analysis of published data on the mean ionic molar
activity coefficients of Ln(l1l) nitrates [6-9] showed
that their dependence on the Ln(I11) molar concentra-
tion is fairly well described by Eqg. (5) given in [10]:

InY, = CY3@@) + BC(o), (5)

where C(a) is the molar concentration of Ln(l1l) ni-
trate in the agueous solution, and A and B are empiri-
ca parameters. The dependence described by Eq. (5)
is divided in two separate portions, corresponding to
the 0.5-0.6 M and 0.6-3.0 M concentration ranges.
The parameters A and B were reported in [5, 11].

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

Cs = [RyNA](0) + 2KFALNn*](a) NO31%(a) [R;NA]X(0) Y2,
()

[Ln®*](0) = K3ALNn®"](a) [NO313(@) [RyNAIX(0) YL, (7)

where Cgq is the total TABANP concentration in the
organic phase, [Ln*](0) and [Ln®*](a) are the Ln(lI)
equilibrium concentrations in the organic and agqueous
phases, respectively, and [R4NA](0) is the concentra-
tion of free TABANP in the organic phase. Equa
tions (6) and (7) were solved for K %2 by the nonlinear
least-squares technique [12].

Some results of the mathematical treatment of the
extraction isotherms performed assuming formation of
only one extractable complex, (R4N),[Ln(NOg)3]A,,
are listed in Table 1. These data show that the calcu-
lated values of logk %2 are virtually independent of
the composition of the agueous and organic phases.
The calculated Ln(l11) concentrations in the organic
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Table 1. Calculated parameters of the extraction isotherms of Ln(lll) nitrates with 0.420 M TABANP in toluene at

T = 208.15 K
[Ln%*](a) [Ln%*](0) [Ln3*] (@ | Difference, % Y, log Dgy logkZ?
Lanthanum(l11)
0.465 0.050 0.9494 1.27 0.217 -0.97 2.24
0.722 0.100 0.0971 2.91 0.198 -0.86 2.27
0.985 0.129 0.1340 -391 0.192 -0.88 2.16
1.820 0.159 0.1617 -1.67 0.194 ~0.91 2.18
1.545 0.180 0.1777 1.28 0.201 -0.93 2.30
1.839 0.192 0.1892 1.43 0.214 -0.98 2.36
2.162 0.197 0.1972 ~0.08 0.234 ~1.04 2.22
Cerium(l11)
0.473 0.046 0.0521 -13.33 0.214 ~1.01 2.18
0.723 0.101 0.1024 -1.40 0.200 -0.85 2.25
1.011 0.135 0.1417 -4.96 0.195 -0.87 2.17
1.294 0.162 0.1664 273 0.199 -0.90 2.17
1.584 0.179 0.1824 -1.87 0.208 -0.95 2.16
1.805 0.191 0.1904 0.33 0.219 -0.98 2.30
2.147 0.197 0.1984 -0.70 0.242 ~1.04 2.17
Neodymium(111)
0.484 0.026 0.0248 4.72 0.210 227 1.83
0.756 0.074 0.0761 -2.89 0.209 ~1.01 1.77
1.005 0.116 0.1157 0.23 0.208 -0.94 1.80
1.270 0.144 0.1475 245 0.215 -0.95 1.74
1572 0.170 0.1716 -0.95 0.230 -0.97 1.76
1.818 0.182 0.1843 ~1.27 0.248 ~1.00 1.72
2.032 0.192 0.1919 0.06 0.266 -1.20 1.81
Dysprosium(l11)
0.840 0.046 0.0459 0.18 0.232 ~1.26 1.04
1.075 0.083 0.0842 ~1.49 0.241 111 1.02
1.235 0.109 0.1099 -0.83 0.251 -1.05 1.03
1.340 0.129 0.1251 3.03 0.260 -1.02 1.09
1.703 0.164 0.1644 -0.26 0.299 -1.02 1.03
2.027 0.186 0.1847 0.67 0.347 -1.04 1.09
Yttrium(l1)
1.364 0.077 0.0771 -0.17 0.358 -1.25 ~1.15
1.629 0.128 0.1243 —2.88 0.421 ~1.10 ~1.10
1.714 0.142 0.1372 -3.36 0.445 -1.08 -0.08
1.890 0.160 0.1593 0.45 0.502 -1.07 -0.14
2.171 0.181 0.1826 -0.88 0.615 -1.08 -0.20

Note: [Ln3+](a) and [Ln3+](o) are the equilibrium Ln(111) concentrations in the agueous and organic phases, respectively. The
difference between the calculated and experimental values of the Ln(I1l) concentrations in the organic phase is given.

phase agree with the experiment to within 1-4 rel. %.
Thus, our model adequately describes the extraction
isotherms of Ln(l11) nitrates with TABANP in toluene.

The average values of the extraction constants with
rms deviations are given in Table 2. These results
show that logk%? decreases from lanthanum(lll) to

lutetium(l11), and Y is the least extractable. Thus, tri-
alkylbenzylammonium naphthenates can be used for
separating cerium-group lanthanides(l11) from other
lanthanides(l11) and yttrium(l11) from lanthanides(l11).

Figure 2 shows the IR spectra of (R4N)(RCOO)
and (R4N)[M(NO3)3(RCOO),], where M = Er(lll),
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Table 2. Average values of the extraction constants
(logK82) of Ln(l11) nitrates with 0.420 M trialkylbenzyl-
ammonium naphthenate in toluene at 298.15 K

Ln(l11) logkZ?
La 2.24+0.05
Ce 2.20+0.05
Pr 1.95+0.06
Nd 1.78+0.04
Sm 1.70+0.04
Eu 1.54+0.03
Gd 1.27+0.03
Tb 1.22+0.04
Dy 1.05+0.03
Ho 0.81+0.10
Er 0.59+0.06
Tm 0.40+0.03
Yb 0.15+0.06
Lu 0.08+0.06

Y -0.13+0.05

Note: The errors are given as rms deviations (o).

Pr(111), and Y (I11). The bands of antisymmetric (v®)
and symmetric (v°) stretching vibrations of carboxy
groups are the most sensitive to complexation with
metal ions [13, 14]. For free TABANRP, these bands are
observed at approximately 1480 and 1400 cm2, re-
spectively. The difference between the frequencies of
the symmetric and antisymmetric stretching vibrations
A = v® _ S is ~80 cm L, which indicates that in
TABANP the quaternary ammonium cations are bound
to naphthenate anions by predominantly electrostatic
forces. Formation of the extractable complex (R4N)-
[Er(NO3)3(RCOQ),] results in a high-frequency shift
of the antisymmetric absorption band (v ~1600 cm‘l),
and a low-frequency shift of the symmetric absorption
band (v® ~ 1370 cm") (Fig. 2). As a result, the dif-
ference A = v® — V° increases to approximately
230 cm™L. This means that Ln(l11) cations are bound
to carboxy groups [13, 14] by coordination bonds.

The spectra of the complexes (R4N)[LN(NOg)s3-
(RCOO),] aso contain the absorption bands of the
nitrate anions (v ~1320, vS ~1500, v§ ~1040 cm 2,
v&v§ ~835, and vg ~730-750 cm™2). The difference
A= vi - v& is about 200 cm L, which shows that ni-
trate anions are coordinated with Ln(lIl) cations [13,
14]. These IR data confirm our above conclusion
about formation of mixed-ligand (R4N)[LN(NO3)3-
(RCOO0),] complexes in the organic phase.

CONCLUSIONS

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

e
i

4
Absorption
1900 1500 1100 700 v, cm™t

Fig. 2. IR spectra of compounds: (1) TABANP, (2) (R4N)-
[Er(NO3)3(RCO0O),], (3) (R4N)[Pr(NO3)3(RCOO),], and
(4) (R4N)[Y(NO35)3(RCOQ),]. (v) Wave number.

naphthenate in toluene was studied within a wide con-
centration range of these metals at 298.15 K. The ex-
traction isotherms show saturation with respect to
Ln(lll) a Cg:[Ln**](0) —» 2: 1.

(2) The complexes (R4N)[LN(NO3)3(RCO0O),
are formed in the organic phase. The extraction con-
stants of Ln(l1l) were calculated. IR spectrosopic
studies showed that carboxy and nitrate anions are
mainly coordinated with Ln(Il1) cations.

(3) Extraction of lanthanides (I11) with trialkyl-
benzylammonium naphthenates in toluene decreases
in going from lanthanum(l1) to lutetium(I11). The ex-
tractability of yttrium(l11) is considerably lower than
that of lanthanides (I11). Triakylbenzylammonium
naphthenates can be used for separating cerium-group
lanthanides(l11) from other lanthanides(l11) and yttri-
um(l11) from lanthanides(l11).
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SORPTION
AND ION-EXCHANGE PROCESSES

Composite lon Exchangers Based on KU-23 and KM-2P

Cation Exchangers and Nickel(I11) Hydroxide and Their Use

for Purification of Nickel Sulfate Solutions To Remove
Cobalt(l1) I'mpurity
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Abstract—A method of preparing composite ion exchangers based on macroporous cation exchangers and
nickel(111) hydroxide was developed, and their suitability for deep purification of nickel(ll) sulfate solutions
to remove small amounts of cobalt(ll) was demonstrated.

Cobalt(Il) is the most difficultly removable impur-
ity in nickel(l1) salts. On the other hand, the cobalt
content in nickel(11) compounds is rigidly limited. The
most efficient method of cobalt(ll) separation from
nickel(11) salts is based on different stability of Co(lll)
and Ni(I1l) hydroxides (HO) and involves treatment of
nickel(11) salts with freshly deposited Ni(OH)5 [1-4].
Cobalt(l1) is oxidized and precipitated as Co(ll1) HO,
while nickel(111) is reduced to Ni(ll) and passes into
the solution. This method is fairly labor-consuming
and does not always provide the required degree of
cobalt recovery. As follows from [5], more efficient
purification of Ni(Il) to remove Co(ll) can be attained
by passing a solution of Ni(Il) salt through a column
packed with a granulated ion exchanger containing
Ni(I11) HO, e.g., with a macroporous cation exchanger
with Ni(I1l) HO introduced into its granules.

The goal of this work is to develop a method of
preparing composite ion exchangers based on KU-23
sulfonic cation exchanger or KM-2p carboxylic cation
exchanger and nickel(111) HO and assess the suitabil-
ity of the ion exchangers obtained for purification
of Ni(ll) sats to remove Co(ll).

EXPERIMENTAL

Nickel(111) and cobalt(ll1) hydroxides were pre-
pared by successive treatment of 0.2 M metal(11) sul-
fate solutions with 0.5 M solutions of NaOH and
Na,S,0g. The precipitates formed were kept to ma-
ture for 24 h, separated from the mother liquor,

washed with water, dried in air at 70°C, crushed, and
sieved. Experiments were performed with 0.2—0.5-mm
grains of Ni(lll) HO.

Preliminarily, the cation exchangers were condi-
tioned by the standard method: successive treatment
with NaOH and HCI solutions including intermediate
and final washing with water [6]. Experiments were
performed under static and dynamic conditions. The
ratio of the ion exchanger weight (g) to the solution
volume (ml) in the experiments under static condi-
tionswas1 : 100, and time of phase contact, 5-7 days.
In experiments under dynamic conditions, we used the
preliminarily fractionated composite ion exchangers
with 0.5-1.0-mm grains in the air-dry state. lon ex-
changers were placed into 10-ml glass columns (the
bed height to inner diameter ratio H : D was 15: 1).
The rate of the solution flow through the column was
close to 1 specific volume (sp. vol.) per hour. The
sorption kinetics was studied by the limited volume
method [6, 7]. The effective diffusion coefficients of
Co(l1) ions were calculated by Dryden-Kay equation
[7], and the activation energies were found from the
temperature dependence of the diffusion coefficients.
The Ni(Il) concentration in the solutions was deter-
mined complexometrically and (at low concentrations)
photocolorimetrically [8]. pH of solutions was meas-
ured with glass (ESL-47-07) and AgCl (EVP-AM-3)
electrodes and an 1-120 ion meter. The nickel(I1) con-
tent in samples of composite ion exchangers was
determined by dissolution of the mineral constituent
in 1 M Hy,SO, with the subsequent determination
of Ni(ll) in the solution. The Co(ll) behavior was
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monitored using %°Co tracer. The specific p-radioac-
tivity (counts per unit time) of samples was measured
on a KRK-1-01A device with a BDIB-01-1 counter
equipped with a PSO2-4 scaer.

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

Ni, Ni(OH),
[Co(OH)4]

i Ag,
LM NSOy | agal, kel
was measured with an ShCh-1413 digital voltmeter.
Preliminarily, electrodes were prepared by pressing
one of the compounds studied [composite ion ex-
changer, Ni(lll) or Co(lll1) HO] ground to the pow-
dered state onto an etched nickel plate with the de-
veloped surface. This plate was placed into a fluoro-
plastic casing equipped with a lead connected to the
plate. The mounted electrode was placed in a small
bath filled with a1 M NiSO, solution. An AgCl elec-
trode was used as a reference electrode.

The first stage of preparing composite ion ex-
changers based on cation exchangers and Ni(ll1l) HO
involved saturation of cation exchangers with Ni(ll)
ions. The maximal capacity of both cation exchangers
with respect to Ni(ll) ion was attained at pH close to
the onset of the Ni(OH), precipitation (pH 6.2-6.3).
Therefore, saturation of cation exchangers with Ni(Il)
ions was performed at pH 6.0-6.2. To find the op-
timal Ni(ll) concentration for saturation of cation ex-
changers, we measured the isotherms of Ni(ll) sorp-
tion. It follows from Fig. 1 that the sorption isotherms
flatten out at the Ni(Il) equilibrium concentration of
0.03-0.04 M.

However, to reduce the volume of the solution
passed through the column, a 0.1 M Ni(ll) solution
was taken. In this case, the tota dynamic capacity
of the cation exchanger with respect to Ni(ll) was
2.2 mmol gt for KU-23 and 2.8 mmol g for
KM-2p, which practically coincided with the maximal
capacity observed in the sorption isotherms at equi-
librium (Fig. 1). After saturation with Ni(ll) ions,
the cation exchangers were washed with 2-3 sp. vols.
of distilled water and were then treated with 5 sp. vols.
of 0.5 M NaOH to convert the sorbed Ni(ll) into the
HO form. Then, the cation exchangers were treated
with an Na,S,Og solution to convert Ni(OH), into
Ni(I11) HO. In the process, the cation exchanger color
changed from green to black. Observation of micro-
scopic sections of the cation exchanger granules
(magnification 100) showed that oxidation of Ni(ll)
HO to Ni(I11) HO was uniform throughout the section.
It was noted that the Na,S,0g solution washed out a
part of nickel from the column packed with the cation

E, mmol gt
3.0

2.0

1.0

1
50c, mM

Fig. 1. Isotherms of nickel(Il) sorption from solution
with pH 6.1+0.05 on cation exchangers (1) KM-2p and
(2) KU-23. (E) Capacity of ion exchanger with respect to
nickel(l1) ion and (c) concentration of Ni(ll) in the equi-
librium solution.

exchanger, especialy from the column with KU-23.
At the optima concentration of Na,S,0g (~0.2 M),
the washout did not exceed 4-10% (depending on the
support), and the cation exchanger grains rapidly
turned black. Finaly, the ion exchangers were washed
to remove excess oxidant. The nickel content was 2.7
and 1.9 mmol g in the obtained samples of the com-
posite ion exchangers based on KM-2p and KU-23
cation exchangers, respectively.

The chemical stability of the combined ion ex-
changers was evaluated by washout of Ni(ll) ions with
2 M NaNOj3 solutions of various acidities. It was
found that the mineral congtituent of the composite
cation exchangers did not dissolve in solutions with
pH 6-8. However, even small acidification caused
noticeable dissolution. In solutions with pH 5, 2-3%
of the total amount of nickel contained in the com-
posite ion exchangers and in granulated Ni(lll1) HO
dissolved. In solutions with pH < 1, dissolution of the
mineral constituent was virtually complete.

Sorption of cobalt(ll) ions on Ni(lll) HO should
proceed due to its oxidation and formation of poorly
soluble Co(ll1) HO in the cation exchanger phase
by the reaction

Ni(OH); + Co?" 2 Co(OH); + Ni%*.

In general, the properties of Ni(lll) HO in cation
exchanger granules may differ from those of Ni(lll)
HO in the pure form. To predict the use of composite
ion exchangers for removing Co(ll) from solutions of
Ni(Il) salts, we compared the redox potentials of both
forms of Ni(lll1) HO and of Co(lll) HO. As seen from
Table 1, the Ni((OH)5/Ni(OH), redox potential for
Ni(I1l) HO in the composite ion exchanger based on
KM-2p resin and pure Ni(lll) HO are virtualy the
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Table 1. Redox potentials of materials containing Ni(lll1) and Co(lll) HO

Material PM(OHY); /AgCl, Ag PM(OHY); IH*,Hy CPf\)A(OH)i/HJf,HZ (9]
V
Ni(lll) HO 0.18+0.02* 0.40+0.02** 0.48
KM-2p-Ni(lll) HO 0.16+0.02* 0.38+0.02** -
Co(lll) HO -0.10+0.02* 0.12+0.02** 0.17

((PM(OH) /AgCl,Ag) Potential vs. AgCI electrode.
o ((PM(OH) IH* Hy ) Potential vs. hydrogen electrode.

same and close to the reference data [9]. At the same
time, they are noticeably higher than the potential
of Co((OH)4/Co(OH), couple. Therefore, at the con-
tact of an ion exchanger containing Ni(l11) HO with a
solution containing Co(ll), Co(ll) should undergo
oxidation and precipitate in the form of Co(lll) HO.

E, mmol gt ]

1
0.2 0.4c, mM

Fig. 2. Isotherms of cobalt(Il) sorption from 1 M NiSO,4
solution at pH 6.1+0.05 on ion exchangers (1) KM-2p-
Ni(l11) HO, (2) Ni(lll) HO, and (3) KU-23-Ni(lll) HO.

F
1.0

1

10 s

Fig. 3. Plots (8) F-tY2 and (b) -In(1 - F)-t for Co(ll) sorp-
tion from 1 M NiSO, on KM-2p-Ni(I1l) HO ion exchanger.
Initial concentration of Co(ll) 1 mM, pH 6.10+0.05. Tem-
perature, K: (1) 293, (2) 308, (3) 324, and (4) 338.

2 6

To find optima conditions of sorption of Co(ll)
ions from 1 M solution of NiSO,, we studied the in-
fluence of the solution acidity and measured the sorp-
tion isotherms. The capacity of the ion exchangers
with respect to Co(lll) increases with increasing pH
and reaches a maximum at pH 6.0-6.3 [at higher pH,
Ni(Il) HO starts to precipitate]. Within the entire
range of Co(ll) concentrations in the solution, the
capacity of the composite ion exchanger based on
KM-2p resin with respect to cobalt(ll) is practicaly
equal to the capacity of pure Ni(lll) HO (Fig. 2).
The capacity of the composite ion exchanger based on
KU-23 resin is substantialy lower, which is caused
by the lower content of Ni(lll) HO in it.

The study of the kinetics of Co(ll) sorption from
1 M NiSO, on the composite ion exchanger based on
KM-2p resin and on pure Ni(lll) HO showed that
the rate of Co(ll) sorption on both ion exchangers
depends on the ion exchanger grain size and is virtual-
ly independent of the intensity of solution agitation.
This shows that the internal diffusion is the rate-
determining stage of the sorption. This is confirmed
by the noticeable increase in the sorption rate after
interrupting the process for 30 min, the linear depen-
dence of the degree of equilibrium attainment F on
tY2 (time), deviation from the straight line of the
—In(1 — F) vs. t plot in the region of low F values
(Fig. 3), and the value of Biot B' test (Table 2). It fol-
lows from Table 2 that the composite ion exchanger
KM-2p-Ni(ll1) HO has better kinetic characteristics
than pure Ni(lll) HO. The effective diffusion coef-
ficient D of Co(ll) in sorption on the composite ion
exchanger is approximately three orders of magnitude
higher than that on pure N|(III) HO. The activation
energy E, (59-62 kJ mol™Y) is close to the limiting
value of E characteristic for processes controlled by
internal diffusion [7]. Presumably, the rate of the
chemical reaction also affects the process kinetics.

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

lon exchanger T, K tos,* min D, cm?st B' E, kImol!

Nickel(I11) HO 293 3380 3.9x 10712 111
308 273 15x 1011 343 62+3
323 94 7.8 x 10711 521
338 54 1.2 x 10710 455

KM-2p-Ni(lll) HO 293 327 2.0x 107 76
308 64 7.6 x 107° 80 59+3
323 36 3.1x10°8 110
338 25 48 x 1078 113

* (tps) Half-time of exchange (sorption).

applied to purification of 1 M NiSO, solution to re- CONCLUSIONS

move cobat (1 mM) at pH 6.0. When the solution
was passed through a column with pure granulated
Ni(I1l) HO, the flow rate rapidly decreased and, after
passing 10 sp. vols., did not exceed 0.1% of the initial
value at fully opened clips at the input and output
of the column and excess hydraulic pressure of about
0.1 MPa. This is caused by mechanical breakdown of
the ion exchanger, which makes it useless in columns,
although that, presumably, under other conditions a
stronger ion exchanger can be obtained, as demon-
strated in [5]. With composite ion exchangers, there
are no such problems. When KM-2p cation exchanger
containing Ni(l11) HO was used, the Co(l1) content in
the solution of Ni(Il) sulfate was decreased by a factor
of more than 100 (to the background level) after pas-
sing 80 sp. vals. of the solution (Fig. 4a). The com-
posite ion exchanger based on KU-23 resin gives
somewhat worse results.

Since the mineral constituent of the composite ion
exchangers readily dissolves in acids, the regeneration
was performed as follows. After saturation with
Co(ll), the ion exchanger was washed with water to
remove the initial solution, and then 1 M H,SO, was
passed through the column. Virtually complete Co(ll)
desorption is attained after passing 10 sp. vols. of the
acid (Fig. 4b). The average concentration of the
macrocomponent, Ni(ll) in the desorbate, was 0.1-
0.12 M. After desorption, the cation exchanger was
washed with water, and then it was again saturated
with Ni ions and treated with solutions of akali and
oxidant as described above. After three cycles of
preparation-sorption-regeneration, the total dynamic
capacity of the composite ion exchanger based on
KM-2p resin with respect to cobalt(ll) did not change
noticeably as compared to the first cycle.

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

(2) The composite ion exchanger based on KM-2p
carboxylic cation exchanger is not inferior to pure
granulated nickel(I1l) hydroxide in selectivity to
cobalt ions and noticeably exceeds it in kinetic char-
acteristics.

(3) The suitahility of the composite ion exchanger
based on KM-2p cation exchanger and Ni(I1l) hydrox-
ide for exhaustive purification of nickel sulfate solu-
tions to remove cobat(ll) impurities was confirmed.
The composite ion exchanger based on KU-23 cation
exchanger is less efficient.

20F o ®
b [ ¥
a -
1.0 @ i
7 S12f
0.6 kS sk 4
0.2 4
L L
20 60 100V 5 10V

Fig. 4. Output curves of (a) Co(ll) sorption from 1 M
NiSO, solution with pH 6.1 on ion exchangers (1) KU-23-
Ni(l11) HO and (2, 3) KM-2p-Ni(Ill) HO in the (2) first
and (3) third sorption cycles and (b) Co(ll) desorption from
(4 KU-23-Ni(Ill) HO and (5) KM-2p-Ni(Ill) HO with
1 M HyS04. Initial concentration of Co(ll) 1 mM.
(c/cp) Ratio of Co(ll) concentration in the initial solution to
its concentration in the eluate and (V) volume of the passed
solution [number of specific (column) volumes].
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Abstract—The influence of electrolysis conditions on the kinetics of formation of the chromium-cobalt alloy
in acid sulfate electrolytes containing monoethanolamine was studied along with the composition, current
efficiency, and physicochemical characteristics of the coatings.

Electrodeposition of chromium and chromium al-
loys from nontoxic solutions containing chromi-
um(l1l) compounds remains an urgent problem.
Because of strong tendency of chromium(lll) ions to
complexation, chromium plating sulfate electrolytes
are unstable, which is one of their major drawbacks.
The composition of chromium(l11) complexes depends
on many factors including chromium sulfate concen-
tration, pH, temperature, nature of ligands, etc. [1].
Two chromium(l11) sulfate modifications, violet and
green, exist, depending on the composition of com-
plexes. Violet chromium(lIl) sulfate in agueous solu-
tions forms hexaaqua cations [Cr(H,0)g]>" [2], which
are slowly hydrolyzed at 20-25°C [3]. At higher tem-
peratures (40-45°C), the hydrolysis is markedly ac-
celerated, and green chromium(lil) sulfate (GCS) is
formed. The conversion of violet chromium(lil) sul-
fate to GCS is accompanied by a shift of the peaks
in their absorption spectra to longer wavelengths [4].
In moderately dilute and concentrated solutions, GCS
forms polynuclear anionic complexes consisting of
several coordination spheres. In these complexes,
cr3* ions are bound by hydroxo or oxo bridges and
by SO ions [1, 3]. The modification of chromi-
um(l11) sulfate solutions essentially affects chromium
plating [5-7]. Chromium virtually is not deposited
from violet solutions and is deposited with a very low
current efficiency (CEg, = 5-7%) from GCS solu-
tions. The higher current efficiency (up to 35-40%)
was attained in chromium plating from “modified”
solutions obtained by aging of GCS (keeping at 20—
25°C for 20-25 days) [7]. The modified GCS is more
stable; it retains its composition for a long time
(6 months), as indicated by spectra measurements.
The absorption peaks for the modified GCS (A, =
415-416, A, = 582-583 nm; &; ~ &, = 37) occupy

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

The addition into the solutions of modified GCS of
monoethanolamine (MEA) or urotropin [7] alows
deposition of mirror-lustrous protective and decorative
chromium coatings 10-15 um thick. The sulfate elec-
trolytes containing urea [8], glycine [5], formic acid
[9], or other complexing additives are more stable.
However, chromium coatings deposited from them are
also thin. The use of pulsed current makes it possible
to increase the thickness of chromium coatings to
40 pm [10]. Recently, new electrolytes containing
oxalic acid have been developed, allowing the thick-
ness of chromium coatings to be increased to 100 um
[11, 12].

The thickness of coatings can be increased by in-
creasing electrolysis time 14 at a given current den-
sity. At the same time, pHg and Tg in the near-cath-
ode region vary with increasing ty. This results in
formation of basic chromium compounds and initiates
complex transformations in solutions of modified
GCS. It was found by thermography [13] that, at the
cathodic current density D, = 30 A dm™2, the tempera-
ture T4 of chromium plating electrolyte based on
modified GCS increases to 35°C after 10 min and to
45°C after 20 min of electrolysis. As a result, modi-
fied GCS in the near-cathode layer is converted into
GCS, and the current efficiency by chromium de-
creases drastically. Therefore, it is appropriate to
examine the influence exerted by electrolysis condi-
tions (D, pH, etc.) on the current efficiency by chro-
mium and chromium alloys and on their composition
and physicochemical properties at Ty not exceeding
10-15 min. At the same time, it should be noted that
study of the electrodeposition kinetics of chromium
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Fig. 1. Influence of electrolyte pH on (1, 1) cobalt con-
tent ¢, in the chromium—cobalt alloy and (2, 2)) current
eff|C|ency by the alloy CE. 14y = 5 min, T = 25°C. D,
Adm2 (1, 2) 25 and (1, 2) 35.

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

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

EXPERIMENTAL

The study was performed in an electrolyte con-
taining (M) 0.5 modified GCS, 0.5 NaySO,, and
0.032 MEA. To the electrolyte, from 1 to 5 gl
CoSO, was added. The current efficiency by the alloy
CE, was determined gravimetrically using a copper
coulometer and with account taken of the alloy com-
position. The content of cobalt in the alloy was deter-
mined spectrophotometrically with nitroso-R salt, and
the chromium content, by oxidation to chromium(V1I).
The cathodic polarization was studied galvanodynam-
icaly (6 mA min) on a P-5827 M potentiostat using
a KSP sdf-recording potentiometer. All potentials
are given relative to silver chloride electrode which

served as a reference. Platinum was used as auxiliary
electrode. The character of the total and partial polari-
zation curves was shown in [17]. Here we report the
partial current densities of formation of hydrogen,
chromium(l1) ions, and metallic cobalt and chromium.
The partia currents were determined by decomposi-
tion of the total current on the basis of data on the
current efficiencies by hydrogen, cobalt, and chromi-
um. The current spent for chromium(ll) ion formation
by the reaction Cr3* + e — Cr?* was determined from
the difference between the total current and partial
currents of formation of hydrogen, cobalt, and chro-
mium. The polarization curves were taken galvano-
statically in a hermeticaly sealed two-chamber cell
for 15 min. The amount of evolved hydrogen was
determined volumetrically. The quality of the cathodic
deposits was judged from the outward appearance.
The reflectivity of the coatings was studied on an
FM-58 M photometer, and their morphology, on an
MIN-7 microscope. The hardness of the cathodic
deposits Hy, was determined on a PMT-3 device. The
indicator load was 100 g. The internal stresses (I1Ss)
were determined by the method of flexible cathode
[18, 19].

The composition of the Cr—Co aloy and the cur-

rent efficiency by the alloy CE, as functions of the
electrolyte pH and D, are shown in Fig. 1. As seen,
with the pH increasing from 0.5 to 1.0, the cobalt
content in the aloy decreases from 4 to 2.2% at D,
25 A dm2 (curve 1), and CE, increases from 5. 8 to
16.2% (curve 2). This trend keeps for D within 15-
30 A dm™, i.e, in the range correspondlng to deposi-
tion of Iustrous coatings. At D, = 35 A dm=2 the
maximal current efficiency by the aloy is attained,
40%.

At pH varied within the indicated range (Table 1)
the partlal current spent for alloy deposition (at D,
20 A dm™?) increases by a factor of about 8.2, that of
chromium deposition, by a factor of 7.8, and that of
hydrogen formation decreases by a factor of 1.7. The
partial rate of cobalt deposition decreases simultane-
ously. These data explain why the current efficiency
by the aloy increases and the alloy becomes enriched
with chromium. Apparently, a decrease in the rate of
the discharge of Cr?* ions is due to the formation of
a cathodic film from basic chromlum(lll) compounds
(the solubility product SPCr(OH) = 6.31x 103!
SPer(om), = 2% 107), which exérts a stronger effect
at hlgher pH.

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

dlectrolyte (T = 25°C)

> | H2 | Cr2+ | COO | CrO
pH Do A dm E,V
A dm

0.5 20 122 15.19 4.40 0.19 0.22
30 141 19.02 10.10 0.16 0.38

40 1.63 22.76 16.42 0.12 0.70

0.75 20 1.05 14.00 5.24 0.15 0.61
30 125 18.46 10.43 0.10 101

40 144 21.83 16.62 0.09 1.46

10 20 0.82 9.10 9.08 0.11 171
30 1.13 10.70 14.23 0.08 4.99

absorption on active sites of the cathode, is fairly ef-
ficiently suppressed in the electrolyte containing MEA
as a luster-producing and buffer additive [7]. Without
MEA, the coatings are deposited in a very narrow D
range and are dull. In the presence of MEA, the aloy
coatings deposited in the indicated pH range are
mirror-lustrous. Increasing pH to 1.0 makes narrower
the D, range, and at D, = 35 A dm™2 dull coatings are

deposited. At pH > 1.0 and D, > 35 A dm™?, the
quality of the coatings is appreciably impaired, which
is evidently due to incorporation of basic chromi-
um(l11) compounds. The coatings become coarsely
disperse and brittle, with a developed crack pattern.

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

The cathodic current density markedly affects
ISs. For example, with D, increasing from 30 to
60 A dm™2, ISs increase by a factor of approximately
1.5 (at the cobalt content in the alloy of 5%). This

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76

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

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

1S, kg mm2
70
_"_(’—a\c\o\g
} \
2
R 1
1 3 5

CCOI %

Fig. 2. Interna stresses I1Ss in the cathodic deposits of
the alloy vs. the cobalt content in the alloy c¢g.
pH 0.75; the same for Figs. 3 and 5. D, A dm=2: (1) 30,
(2) 40, and (3) 60.

Hy, kg mm2 3
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700 F O/D/U/_ﬂ-——‘c——(’
/’&7
500

CCOI %

Fig. 3. Microhardness Hy, of the chromium-cobalt alloy
vs. the cobalt content in the alloy cc,. Dg, A dmi2: (1) 40,
(2) 50, and (3) 60.
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Table 2. Partial current densities of formation of hydro-
gen, chromium(ll), cobalt, and chromium at various elec-
trolysis times

Ty, D., H, ler2t lco0 Icr0
: -2
min | A dm A dm2
5 20 13.64 4.67 0.37 1.32
30 18.05 9.52 0.26 217
40 21.24 1542 0.22 3.12
10 20 13.80 4.85 0.28 1.07
30 18.26 9.76 0.19 179
40 21.56 15.61 0.17 2.66
20 20 14.00 5.24 0.15 0.61
30 18.46 10.43 0.10 101
40 21.83 16.62 0.09 1.46

D, = 40 A dm™ (curve 1) is 490 kg mm~2, and for
the 9% cobalt alloy obtai ned under similar cond|t| ons
it increases to 620 kg mm™ 2. The increase in Hy, may
be due to the formation of a SO|Id solution in the aloy

Hy, kg mm2
1100 | 3
2
7
700 |
20 40 60 D¢, A dm2

Fig. 4. Influence of the cathodic current density D, on
the microhardness H,, of the Cr-Co alloy. Electrolyte pH:
(1) 05, (2) 0.75, and (3) 1.0.

Ccos %0 ] CE, %
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4+ 2 416

3
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Fig. 5. Influence of the electrolysis time 74 on (1-3) cobalt
content in the aloy cs, and (1-3) current efficiency
by the aloy CE. D, Adm=2 (1, 1) 30, (2, 2) 40, and
(3, 3) 60.

containing up to 10% cobalt [17]. As known [23], the
hardness H,, of solid solutions is always higher than
that of the components. The hardness is strongly af-
fected by the cathodic current densty For example,
with D, increased from 40 to 60 A dm2, the hardness
of the Cr—Co alloy containing 5% Co mcreasoe from
580 (Fig. 3, curve 1) to 960 kg mm2 (curve 3). The
similar effect of D, on the hardness of cobalt coatings
has been demonstrated in [24-26]. Electrolytic chro-
mium is characterized by high hardness, which is
ascribed to incorporation of hydrogen and oxygen,
internal stresses, and grain size [20]. The dependence
of Hy, of chromium on its hydrogen content was not
confirmed by the available experimental data. On
heating, hydrogen is comparatively easily evolved
from electrolytic chromium, and at 500°C virtually no
hydrogen remains, with the hardness remaining the
same. The direct correlation of H,, with CE has not
been revealed either. The maor factors determining
Hy, of electrolytic chromium are the presence of
oxygen in it and the grain size. The effect exerted by
oxygen on the chromium hardness is due to the dis-
tribution of dispersed chromium oxide in its bulk. The
dependence of H,, of the chromium-cobalt aloy on
the electrolyte pH is presented in Fig. 4. With pH |n-
creasing, eg., from 0.5 to 0.75 (D, = 60 A dm~ )
Hy, increases from 720 (curve 1) to 925 kg mm -2
(curve 2), which can be explained by incorporation of
basic chromium(l11) compounds into the cathodic
deposit, increasing the oxygen content.

Table 2 shows that, as 1y increases from 5 to
20 min, the partial current of hydrogen evolution in-
creases and that of Cr—Co alloy formation decreases.
As aresult, CE, decreases, eg., from 14 to 6.5% at

D, = 40 A dm™2 (Fig. 5, curve 2). It should be noted
that the partlal current of hydrogen evolution de-
creases at D. = 20-40 A dm™2, with the decrease
being more pronounced at longer gy, and the aloy is
enriched with cobalt For example, the alloy deposited
a D, = 40 A dm™2 contains 1.5% cobalt after 1y =
5 m|n and 3.5% cobalt after 20 min of electrolysis
(Fig. 5, curve 2). With the electrolysis time increased
to 30 min, the cobalt content increases by about 4%.
One of the reasons why the alloy becomes chromium-
depleted at longer 14 is the pHg growth favoring for-
mation of chromium(l11) hydroxide impeding chromi-
um deposition. Another reason is the increase in Tg
after 20 min of electrolysis, which is accompanied by
GCS formation and by even sharper decrease in the
chromium current efficiency. Evidently, this tendency
is retained when chromium is deposited jointly with
cobalt.
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It should be noted that, with increasing ty, the
chromium(ll) ion formation accelerates (Table 2). For
example, at D, = 40 A dm2 the partial current of
chromrum(ll) formatron mcreases from 1542 to
16.62 A dm 2. Accumulation of Cr2* ions should in-
crease the rate of the formation of metallic chromium,
in accordance with the reaction Cr?* + 2e — Cr0. At
the same time, Table 2 shows that actually the rate of
chromium formation decreases by a factor of 2.2 with
increasing 1ty (Table 2). This suggests occurrence of
the more probable three-electron reaction Cr3* + 3e —
crO. Such a scheme of electrolytic reduction of chro-
mium from sulfate electrolytes has been considered
previously [27, 28].

With increasing 14, the ISsin the cathodic deposits
grow, which is due to increase in pHg and hydrogen
absorption of the coatings promoted by incorporation
of chromium(l11) hydroxide. As a result, the quality
of the coatings is impaired. Lustrous coatings are
deposited at Ty shorter than 30-35 min; semilustrous
coatings, at longer electrolysis times; and dull coat-
ings, a tg > 60 min.

CONCLUSIONS

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

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

(3) The internal stresses decrease with increasing
cobalt content in the alloy and grow with increasing
cathodic current density. The cathodic current density
markedly affects the aloy hardness. For example,
with D increased from 20 to 40 A dm™2, the hardness
grows from 480 to 1100 kg mm2

(4) To obtain protective and decorative Cr-Co
alloy coatings up to 20 pm thick, we recommend an

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

in Na,S solution.

Sulfides of many metals have low electrical resis-
tivity [1] and can be used as e ectroconducting sub-
layers for decorative metal plating of plastics and in
manufacture of printed-circuit boards. Nonstoichio-
metric copper sulfide (Cu,_,S), whose formation,
composition, and electrochemical properties are
studied in detail [2-8], iswidely used for this purpose.
Electrochemical deposition of metals can occur only
after reduction of Cu,_,S to metal [7, 8]. To obtain
a reliable meta coating, it is, however, necessary to
perform plating in two or three cycles.

Cobalt sulfide coatings [9] formed in one cycle are
also used today as electroconducting layers. Nickel
can be deposited on it in two or three cycles, as
on Cu,_,S. Formation, electrochemical activity, and
modification of the cobalt sulfide layer have been
described in [9-12]. At the same time, the composi-
tion of such coatings after reduction was not studied.

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

EXPERIMENTAL

The cobalt sulfide coating was formed by the ad-
sorption procedure involving treatment of the working
electrode in a solution containing 0.18 M CoSQOy-
7H,0 and 012 M (NH,OH),-H,SO,4, to which
NH4OH (25% solution) was added to pH 11.0. This
was followed by hydrolytic washing with distilled
water, conversion to sulfide in 0.13 M Na,S agqueous
solution, and washing with distilled water. This com-
prised one cycle of formation of the cobalt sulfide

coating. The coatings studied by XPS were formed in
three cycles, each 30 s, a 25+1°C.

The sulfide coatings were electrochemicaly re-
duced in a 0.1 M KCIO,4 solution at T = 20£1°C in
a YaSE-2 standard cell. An SU-1200 carbon glass
with a working surface area of 1 cm? was the worki ng
electrode. Saturated silver chloride electrode was the
reference electrode, and platinum gauze, the auxiliary
electrode. The potentials E were recalculated relative
to standard hydrogen electrode. The voltammograms
(VA) were measured with a PI-50-1 potentiostat and a
PR-8 programmer and were recorded with an XY
RECORDER A3 sdf-recording potentlometer The
scanning rate of the potential was 6x 102 Vs

The composition of the sulfide coatings was studied
by X-ray photoelectron spectroscopy (XPS) on an
ESCALAB-MK 1l Vacuum Generator Scientific
spectrometer (the United Kingdom). As a source of
soft X-ray radiation served a magnesium anode
(1253.6 eV, 300 W). The pressure in the analytical
chamber of the spectrometer was 1.33 x 108 Pa
An AG-2 argon gun (beam energy 20 eV, current
20 pA) in a preparative chamber was used to study the
depth distribution of elements The rate of the surface
etching was 2 nm min™%, and etching time, 30, 60, and
120 s. The accuracy of the method was +0.1 at. %. In
study of the Co sulfide coatings by XPS, we recorded
the CoZpg, photoelectron spectra. The empirical
factors of sensitivity of these elements were taken
from the literature [13], and the recorded spectra were
compared with the reference spectra [14].

In [10], the electrochemical behavior of a cobalt
sulfide coating in 0.1 M KCIO,4 was studied by cyclic
voltammetry. It was found that the Co(l11) compounds
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Fig. 1. Cyclic potentiodynamic curves taken in 0.1 M
KCIO, solution. Two deposition cycles, T = 20°C; Vg, =
5x 1072 V sL. Electrode: (1) carbon glass and (2) carbon

glass coated with cobalt sulfide.
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Fig. 2. Content of the elements c in the cobalt sulfide
coating formed in three cycles vs. the time t of etching with
Ar* ions. Coating: (a) initial and (b, c) reduced in 0.1 M
KCIOQ, solution at the potential scanned from Eg to —0.85

and -1.3 V, respectively.

are reduced to Co(l1) in the potential range from —0.4
to —0.9 V (Fig. 1). Namely, reduction of CoOHS to
CoS and Co(OH), (cathodic current peak C;) was
suggested.

In the XPS study of the sulfide coating, we paid at-
tention to the distribution of Co, O, and S elements
over the surface and throughout the depth of the coat-
ing (Fig. 2). Our results show that the surface of the
initial and reduced coatings contains up to 65 at. %
oxygen. About 20 at. % oxygen was found in deeper
layers of the coating. The measured binding energies
E,, of Co2ps, (780.6+0.1 eV) and Ols (531.0+0.3,
529.7+0.1 eV) eectrons (Table 1; Figs. 3a, 3b) sug-

540 Ep, eV

41 (©
S2p
0
30
60
120
160 170 Ep, eV

Fig. 3. XPS of the cobalt sulfide coatings. (A) Intensity and
(Ep) binding energy; the same for Figs. 4, 5. (a) CoZpy),,
(b) O1s, and (c) S2p; the same for Figs. 4, 5. The etching
time (s) is denoted at curves; the same for Figs. 4 and 5.
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Results of XPS analysis of the cobalt sulfide coating*
Ci(r)wzt- t, By, &V lo/lco ls/lco Coating com-
nox* | S | Cozpy, Ols s2p OH | S0 | Cos | coso,| Postion
1 0 |778.1, 7809 ([529.7,531.1 | 162.6, 167.8 1.88 19 7 2.7 Co(OH);
30 |778.1, 780.9 |[529.7,531.1 | 162.3, 166.7 1.39 0.98 153 0.27 |CoS
60 |778.1, 780.9 |[529.7,531.1 | 162.3, 166.7 1.02 0.71 1.44 0.19 |CoSO5, CoOHS
2 0 |778.0, 780.9 ([529.7,531.1 | 162.7, 166.9 2.02 5 104 5.2 Co(OH),
30 |778.0, 780.9 [529.7,531.1 162.8 1.0 0.38 135 0.13 |[CoS
60 |778.0, 780.9 [529.7,531.1 162.8 0.92 0.29 1.25 0.12 | CoSOq
3 0 |778.1, 780.5 [529.7,531.0 | 162.3, 167.5 1.84 1.93 5.16 125 |Co, CoS
30 |778.1, 780.5 [529.7,531.0 162.3 11 0.47 155 0.17 | Co(OH),
60 |778.0, 780.6 |529.7,531.1 162.3 0.77 0.36 1.33 0.09 |CoSOg
* (Io/lcer 1d1co) Intensity ratio of oxygen to cobalt and of sulfur to cobalt, as calculated from Figs. 3-5; (t) time of Ar* etching.

** Coating no.: (1) initial and (2, 3) reduced at the potential scanned from the steady-state potential to —0.85 and —1.3 V, respectively.

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

Apart from oxygen compounds of cobalt, the cobalt
sulfide coatings formed in three cycles contain CoS
(EpS2p = 166.7£0.1 eV) (Table 1, coating no. 1).
This compound was detected after the upper layer 1 or
2 nm thick was etched with Ar* ions. The amount of
CoSOg4 abruptly decreases with depth. The intensity
ratios calculated from the S2p and Co2p5, spectra for
cobalt(ll) sulfide and sulfate are different on the sur-
face of the sulfide coating and at a depth of 2 nm
(Table 1). Compared to CoSO3, the amount of CoS
amount is larger by a factor of approximately 2.6 on
the surface and by a factor of 5.6 and 7.5 at a depth of
1 and 2 nm, respectively. This fact suggests that
CoSO; is formed solely on the coating surface, where-
as in deeper layers CoS domlnates CoSO3 may be
formed owing to oxidation of S with Co(III) [15]:

6COOOH + 6S2~ + 3H,0 = CoSO;, + 5C0S + 120H". (1)

Accprding to reaction (1), the amount of forming
CoSOg5 should be smaller by a factor of 5 than that
of CoS. The S2p spectra (Fig. 3c) shows that the
amount of sulfite (E, ~ 166.7 €V) is smaller than that
of sulfide (E, ~ 162.1-162.7 eV). The coating con-
tains about 19 at. % S on the surface and from 29 to
34 at. % S in deeper layers (Fig. 28). The binding
energies in the S2p spectrum do not correspond to
elementa sulfur (E, = 164.1+0.1eV), i.e,, it is absent

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

In the sulfide coating reduced at the potential E
scanned from the steady-state potential Eg to -0.85V,
the CoSO3 amount on the surface (Ig/lc, = 5.2) is
two times that in the initial coating (Ig/lco = 2.7). The
CoSO5 amount in deeper layers abruptly decreases
(Idlcy = 0.12).

In the coating partially reduced to E = -0.85 V,
cobalt sulfide CoS (E, = 778.0£0.1 V) is present
both on the surface and in deeper layers, because the
reduction occurs a E < -1.0 V [10], i.e, in the range
of hydrogen evolution [16]. The CoS content on the
surface is 1.5 times higher than in initial coating. The
Is/lco retio for CoS, as calculated from the Co2ps)o
and S2p spectra (Figs. 4a, 4c), is 10.4 and 7.0 for the
initial and reduced coatings, respectively (Table 1,
coating nos. 1, 2). Apparently, the increased amount
of CoS on the surface of the reduced coating is due to
the reduction of the Co(lll) compound, i.e.,, COOHS
(Fig. 1, curve 2, cathodic current peak C,), which
occurs in the range of E from -0.4 to —-0.9 V with
formation of CoS and Co(OH),. The results obtained
confirm the assumption [10] that the current peak C;
a E =-0.75V in the cyclic voltammogram taken in
a 0.1 M KCIOy4 solution is due to the reduction of
the Co(l11) compound containing not only oxygen but
also sulfur, i.e, of CoOHS.

CoS obtained by deposition from agueous solutions
of sdts is sparingly soluble (SP 10722 [17]. The
solubility of the CoS precipitate decreases further with
time. This is explained by appearance of new bonds
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Fig. 4. XPS of the cobalt sulfide coatings reduced in 0.1 M
KCIO, solution at the potential E scanned from Eg to
-0.85 V.

due to oxidation of Co(Il) to Co(lll) and hydrolysis to
Co''"oHS. We found no published XPS data for
CoOHS.

After the reduced coating was etched with Ar* ions
for 30 and 60 s, the |4/l intensity ratio decreased to
1.35 and 1.25, respectively (Table 1, coating no. 2).
Probably, the decrease in the CoS decrease at depths
of 1 and 2 nm is due to the formation of Co(OH),,
which is a product of CoOHS reduction. Cobalt(ll)
hydroxide, Co(OH),, can block the electrode surface,
change its electrical properties, and impede further
reduction of CoOHS.

775 78 Ep, eV
A4 (b)
Ols
30
60
120
530 540 Ep, eV
4% (0
S2p
0
30
60
1 1 1 1 1 1 120
160 170 Ep, eV

Fig. 5. XPS of the cobalt sulfide coatings reduced in 0.1 M
KCIO, solution at the potential E scanned from Eg to
-13 V.

We studied the composition of the sulfide coatings
reduced at the potential E scanned from Eg to -1.3 V,
i.e., after the potential of CoS reduction was attained.
The results (Table 1, Figs. 5a-5¢) show that the sur-
face layer of the coating consists of Co(OH),, CoS,
and CoSO3. Cobalt sulfite was present solely on
the surface and was absent at a depth of 1 nm. The
oxygen to cobalt intensity ratio I5/l, (Table 1, coat-
ing no. 3) for Co(OH), and CoS decreases. Cobalt(l1)
sulfide was detected both on the surface and at a depth
of 1-2 nm.

The Ig/lg, ratio for CoS, calculated from the
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spectral data (Figs. 5a, 5c) is 5.16. This value is
lower than that for initial sulfide coating (Table 1,
coating no. 1). This result may be due to the reduction
of CoS to metallic Co at the potential E scanned down
to 1.3 V, which is supported by the Co L3VV Auger
spectra (kinetic energy E, 772.5, 774.3 eV). Metallic
cobalt was found both on the surface and at a depth of
1-2 nm. It should be noted, however, that the CoS
reduction after electrochemical trestment to 1.3 V is
incomplete. This conclusion was confirmed not only
by X-ray photoelectron spectroscopy but also by
cyclic voltammetry.

CONCLUSIONS

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

(2) The initial cobalt sulfide coating is a mixture
of the compounds CoS, CoSOs Co(OH),, and
COoOHS, whereas the reduced coating is a mixture of
Co®, CoS, CoSOg3, and Co(OH),. The presence of
Co(l1) compounds shows that the reduction is incom-
plete, even after attaining the potential of extensive
hydrogen evolution.

(3) The large amount of CoS in the partialy re-
duced (to —0.85 V) cobalt sulfide coating shows that
the cathodic peak in the cyclic voltammograms at E =
—-0.75 V is due to the reduction of CoOHS.
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Membranes under Electrodialysis Conditions

T. Zh. Sadyrbaeva
Institute of Inorganic Chemistry, Riga Technical University, Salaspils, Latvia

Received September 3, 2002

Abstract—The recovery of platinum(IV) from hydrochloric acid solutions containing an excess amount of
iron(l11) with liquid tri-n-octylamine-1,2-dichloroethane membranes under conditions of galvanostatic dialysis
was studied. The influence exerted by the current density and by the composition of aqueous solutions
and liquid membranes on the rate of platinum(lV) transport and efficiency of separation of the metals was
analyzed and the optima process conditions were determined.

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

The aim of this study was to analyze electrodialytic
transport of platinum from binary hydrochloric acid
mixtures with iron(l1l) across TOA-based liquid
membranes bounded by cellophane films.

EXPERIMENTAL

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

TOA
Dichloroethane

)P,
H,SO,
M

H,PtCl, FeCl,
HCl
K

Pt (+)
H,SO,
K

‘ HCI

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

The liguid-membrane solution was prepared by
dissolving a weighed portion of TOA (pure grade,
main substance content 95%) in 1,2-dichloroethane. In
view of the possible reaction of TOA with the solvent
to give a salt of quaternary ammonium base [9], fresh-
ly prepared solutions were used. The feeding solution
was prepared by dissolving H,PtClg (pure grade) and
FeCl3-6H,0 (analytically pure grade) in hydrochloric
acid of appropriate concentration (0.1 M HCI, as a
rule). Commonly, 0.1 M HCl was used as receiving
solution.

The concentration of metals in agueous solution
was determined spectrophotometrically: platinum,
with tin(l1) chloride [10]; iron, with sulfosalicylic acid
[11]. In determining the content of iron(lll) in the
presence of a large excess of platinum, the optical
density was measured relative to the solution being
analyzed. The measurements were done on an SF-46
spectrophotometer.

Platinum(lV) forms highly stable complexes with
chloride ions and exists in hydrochloric acid sol utions
mainly as the hexachloride complex [PtCI6] ~ [10].
Tri-n-octylamine recovers platinum(lV) in a wide
range of HCl concentrations by, predominantly, the
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interphase anion exchange mechanism [4]:

H*@ + Cl(@ + RyN(0) < RsNHCI(0), (1)

2R;NHCI(0) + [PtClg]>(a) < (RgNH),[PtCl¢] + 2CI(a),
(2

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

On applying an electric field, the platinum complex
being extracted is transported across the liquid mem-
brane and disintegrates at the interface with the receiv-
ing solution by a reaction reverse to (2). The mem-
brane recovery of platlnum occurs by co-directed
transport of [PtCI6] anions and chloride ions, and,
therefore, high HCI concentration in the receiving
solution is not required, in contrast to dialysis proc-
€SSes. The electric field intensifies the transport of
[PtCI6] across each of the liqguid membranes and
ensures back extraction into a weakly acidic receiving
solution. In the zero-current mode, there is virtualy
no transmembrane transport of platinum in the system
studied.

The rate of platinum recovery from a binary mix-
ture containing 2.14 x 102 M Ho[PtClg] and 3.64 x
1072 M FeCls is proportlonal to the current density
in the range 0-8.5 mA cm™ (Flg 1). Patinum is
recovered into the receiving 0.1 M HCI solution selec-
tively; the degree of iron(l11) recovery in 1 h is about
0.1%. The metals are separated because amine salts
more actively extract iron than platinum at higher HCI
concentrations. In dilute HCI solutions, iron(l11) forms
cationic and neutral complexes [12]. In the course of
electrodialysis, loss of Fe** from the feeding solution
is as high as 25-35% because of its adsorption by
a solid cation-exchange membrane.

The variation of voltage in the galvanostatic mode
is characterized by a steep fal at the beginning of
the process, with an “electric breakdown” of the liquid
membrane possible at high current densities after
several tens of minutes of electrodialysis (Fig. 2). The
initial rise in the electrical conductivity of the organic
phase is due to an increase in the total concentration
of ions in the liquid membrane as a result of extrac-
tion of hydrochloric acid and [PtCI6] ~ by amine
[reactions (1) and (2)]. The electric breakdown, asso-
ciated with accumulation of water in the organic phase
and formation of through aqueous channels [13], leads
to the loss of transporting and selective properties
by the membrane. The time when the breakdown oc-
curs depends on the current density and on the nature
of organic solvent and ion being recovered. Liquid

Jpt x 10°, Jpe x 108, mol m2 s7%;
3 b PBryrex 107

F\/ID——ID\PUZ

4 8 i, mA cm2
Fig. 1. Rates of transport of (1) platinum(lV), Jg, and
(2) iron(l11), Jge, and (3) metal separation factor By re Vs.
current density i. Cyga = 0.1 M, © = 60 min.

Fig. 2. Effect of current density on the variation of voltage
U. (x) Process duration. i, mA cm™2: (1, 5) 85, (2) 6.4,
3) 4.2, and (4) 2.1.

Cpr X 102, Cpg x 103, M; Bpyre x 1072
2.4

0.5 1.5

251,h
Fig. 3. Kinetic curves describing (1) platinum(lV) recovery
from the feeding solution, accumulation of (2) platinum(lV)
and (3) iron(I11) in the receiving solution, and (4) varlatlon
of the metal separation factor Ppyre Cpp = 2.1x 1072 M,
Cre = 36x1072 M in 0.1 M HCI; i = 6.4 mA cm™2. (cp,
Cre) Pt(IV) and Fe(lll) concentrations and (t) process
duration.

membranes based on TOA in dichloroethane work
without breakdown in recovery of platlnum for about
25 h a current density of 6.4 mA cm™ 2 and equal
acidities of the feeding and receiving solutions, with
more than 50% of platinum and about 0.3% of iron
transferred across the liquid membrane (Fig. 3). The
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Epp Ere x 10, %; Bpype x 1072
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0.1 0.2 0.3
Croa, M

Fig. 4. Degrees of recovery of (1) platinum(lV), Ep, and
(2) iron(I11), Ege, and (3) metal separation coefficient Bpyre
vs. carrier concentration croa. | = 6.4 mAcm2, 1 =
120 min.

1 1
40 80 120

Fig. 5. Effect of carrier concentration on variation of volt-
age U. | = 6.4 mAcm=2. (1) Process duration. Croa, M:
(1) 0.07, (2) 0.1, (3) 0.15, and (4) 0.3.

Jre x 10% mol m2 sL; Wx 107, %
T I

Cpr x 102, M

Fig. 6. Rates of transfer, Jo, into (1) liquid membrane and
(2) receiving solution and (3) current efficiency W by plati-
num(lV) vs. its concentration cp in the feeding solution.
cropn 01 M, i = 64 mAcm?, 1 = 60 min.

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

The effect of the carrier concentration in the organ-
ic phase on the rate and selectivity of platinum re-
covery is shown in Fig. 4. In contrast to dialysis
membrane extraction, raising the concentration of
TOA to 0.15 M impairs the rate of pl atlnum transport
since chloride ions compete with [PtCI6] in current
transport across the interface between the membrane
and the receiving solution. The excess of carrier acts
in electrodialysis as supporting electrolyte. It should
be noted that raising the TOA concentration leads to
a pronounced increase in the electrical conductivity of
the liquid membrane (Fig. 5).

Raising the concentratlon of platinum in the feed-
ing solution to 4.2 x 102 M at constant concentration
of iron Ieads to a proportional increase in the rate of
[PtCI6] ~ transfer across both phase boundaries and in
the current efficiency (Fig. 6). However, under excess
of hydrochloric acid in the feeding solution, current is
mainly carried across the liquid membrane by chloride

ions and the current efficiency by [PtCI6]2‘ anions
does not exceed 10%.

Lowering the concentratlon of HCI in the feeding
solution to 1x 10~ M makes higher the degree of pla-
tinum recovery, current efficiency, and metal separa
tion factor (Table 1). The increase in the rate of plati-
num transport is due to a decrease |n the content of
chloride ions competing with [PtCI6] anions for the
trioctylammonium cation.

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

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

CONCLUSIONS

(1) Under electrodialysis conditions, liquid mem-
branes containing tri-n-octylamine in dichloroethane

ensure transport of [PtCI6]2‘ into dilute acid solutions
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Table 1. Effect of the acidity of the feeding solution on the rate of platinum transfer and the separation of the metals.

Croan 01 M, i = 64 mAcm2 t = 60 min

Concentration in feeding solution, M Ep W Ere * 5

JPtX 10 y
Prure mol m2 st
Pt(1V) Fe(ll) HCl %

25%x1072 3.1x107% 103 22.8 8.7 0.13 189 2.86

2.2x107% 3.5x 1072 1072 20.3 6.8 0.11 184 2.25

2.1x107% 3.6x1072 101 185 6.1 0.12 161 2.01

* J is the transmembrane flux.

Table 2. Effect of the composition of the receiving solution on transport of metals. ¢, = 2.1x 1072 M, g = 3.6x 1072 M;

i = 6.4 mAcm? T = 60 min

= Ere J; x 105 T, %105
Receiving solution, M Bpyre
% mol m2 st

HCI:

0.01 185 0.15 123 2.35 2.02

0.1 185 0.12 161 221 201
H,SO,:

0.01 19.9 0.19 108 2.37 217

0.1 14.7 0.13 113 217 16
HNOS:

0.01 153 0.16 96 2.29 1.67

0.1 154 0.15 103 2.29 1.68

* Jy and J, are the flux of platinum into the membrane and the transmembrane flux, respectively.

and efficient separation of platinum(IV) from iron(l11)
in recovery from hydrochloric acid media

(2) Therate of electrodialytic transport of [PtClg]2
is determined by the current density, composition of
the feeding solution, and carrier concentration in the
liquid membrane.

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

use for chemical washing.

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

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

In washing of articles after alkaline zinc plating,
sludge formation was observed in washing water
because of partial decomposition of zincate ions and
formation of poorly soluble zinc compounds. In wash-
ing in deionized water, formation of a bulky, slowly
settling precipitate was observed. In washing in tap
water containing 57 mg 1™t Ca?* and 13 mg I* Mg?*,
a minor volume of a compact precipitate settled fast,
with the residual concentration of zinc in solution
being lower. Presumably, cations in tap water favor
precipitation of zinc. Additional experiments demon-
strated that precipitation of zinc is promoted by solu-
tions of calcium salts, with magnesium salts exerting
virtually zero influence on zinc precipitation.

Zincate ions form with calcium(ll) hydroxide a
poorly soluble finely crystalline precipitate of calcium
zincate, CaZn,(OH)g-2H,0 [2]. Its structure and the

conditions and rates of its formation and decomposi-
tion have been much studied, and calcium zincate
has found application in Zn/NiOOH and Zn/AgO
batteries [3-9] and as a component of wood binders
[10], luminophores, insulators and glasses, and poly-
merization catalysts [8].

Cacium zincate CaZn,(OH)g-2H,0 crystallizes
in the monoclinic system [2], with two its forms,
tetragonal and hexagonal, known. According to X-ray
diffraction analysis, the unit cells of both forms are
identical [8]. Hexagonal crystals are formed by slow
crystallization (during several days), and tetragonal
crystals, by fast precipitation from supersaturated
solutions.

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

About 4 ton of phosphogypsum is formed in manu-
facture of 1 ton of orthophosphoric acid [11]. By
the content of the main substance, gypsum (CaSO,-
2H50) (up to 98%)y), it corresponds to natural gypsum
of the highest quality (91-95%). The chemical com-
position of phosphogypsum manufactured by Lifosy
Joint-Stock Company (in terms of dry substance) is as
follows (%): CaO 31-37, SO5 44-54, SiO, 0.3-0.6,
R,03 0.5-1.5, Na,O 0.24-0.32, K,O 0.04-0.08,
P,O5 total 0.91-2.86, P,0O5 water-soluble 0.52-2.65,
F total 0.14-0.48, and F water-soluble 0.015-0.33
[12]. Moisture content of phosphogypsum 20-25%,
calcination loss (400°C) 37-42%, density 750-
800 kg m3, specific surface area 260-290 m? kg™.
Phosphogypsum particles are CaSO,-2H,0 crystals
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5-500 um long, 1-50 pm wide, and 0.05-0.5 pm
thick.

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

Cement dust, exhibiting properties of both an alka-
line agent and a sorbent, can be used to remove heavy
metals {17-19] and a number of hazardous organic
substances [19, 20] from industrial wastewater. In
Lithuania, Akmenes Cementas Joint-Stock Company
produces annually 20-30 thousand tons of cement
dust of the following chemica composition (%):
Al,03 3-8, Fe,03 2-5, SIO, 11-15, CaO 38-48,
Ca0 free 3-7, MgO 2-4, (Na,K),0 2-8, and SOj
3-8. According to X-ray phase analysis, the dust is
mainly constituted by calcite CaCOg (~80%), quartz
a-Si0, (10-15%), and basic calcium silicate Cag-
(Si04),(OH), the rest [16].

EXPERIMENTAL

A Limeda NBTSs electrolyte for akaline zinc plat-
ing was used in the study. It was prepared in accor-
dance with GOST (State Standard) 9.305-84 and had
the following composition (g I‘l) ZnO 15, NaOH
110; luster- produ0| ng additives NBTs-0 and Limeda
NBTs-K 5 ml I"% each. Immediately before an experi-
ment, the electrolytes were diluted with deionized
water.

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

X-ray diffraction patterns of precipitates were ob-
tained on a DRON-2 X-ray diffractometer in CuK,,
radiation. Micrographs of the precipitates were ob-
tained on a JXA-50A scanning electron microscope-
microanalyzer. Reagents of chemically pure and
analytically pure grades were used.

Phosphogypsum, a waste formed in industria
processing of Kola apatite, was delivered by Lifosa
Joint-Stock Company [TU (Technical Specification)
6111045-03-92], and cement dust, by Akmenes
Cementas [TU 5290342-04-92, GOST (State Stand-
ard) 310.2, content of free CaO 4.7%).

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

; ; 2+ + 1
Amount | RESidual concentration of Zn (Ca?*), mg |
of zinc(ll) . 1
i ntroducied, deionized CaClp solution, g|
mg | water > 10
48 9.2/2.1* /15 | 1.5(3300)/1.9
240 76/26 120 | 2.6(3200)/2.0
790 510/210 —-/9.5 3.2(810)/3.2
1090 880/260 117 4.1(260)6.1
1570 1260/310 -/69 17 (56)/26
2000 2000/1620 1410 37(50)/41
2770 2770/2380 45 (24)/94
3430 3400/3400 115(19)/150

* After settling for 1 h/24 h.

To determine the efficiency of Zn?* precipitation,
0.2-25 ml of Limeda NBTs electrolyte was mlxed
with 50 ml of a CaCl, solution (2 or 10 g I~ ) the
mixture was filtered after 1 or 24 h of settling, and
the residual concentrations of Zn(I1) and Ca(ll) were
found.

Table 1 shows that, upon introduction of the elec-
trolyte into the CaCl, solutions, the concentration of
zinc decreases by up to afactor of 200, compared with
the case of the corresponding dilution with deionized
water. Precipitate formation was also observed upon
5-250-fold dilution of the electrolyte with deionized
water, which is due to decomposition of zincate ions
to give ZnO (as established by an X-ray diffraction
study):

Zn(OH)3~ 2 ZnO + 20H~ + H,0. (1)

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

2Zn(OH)3~ + Ca2* + 2H,0 2 CaZn,y(OH)g-2H,0 + 20H-.
@)

An X-ray diffraction study demonstrated that pre-
cipitates obtained upon introduction of the leeda
NBTs electrolyte into solutions with 2 or 10 g It
CaCl, to Ca:Zn molar ratios equal to 1 or 2 are
composed of CazZn,(OH)g-2H,O with a minor im-
purity of ZnO. The interplanar spacings and the reflec-
tion intensities for the compound CaZny(OH)g- 2H,0
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Table 2. Residual concentrations of zinc(ll) at varied duration of agitation, t

Residual concentration of Zn?*, mg |-t
7, min . .
dav\?;tlezred CaCll(z) ZO:PPO”’ phosphogypsum  suspension, 40 g1t CGE%T{ dzgt ZJls_%en

0 400 400 100 200 400 1000 400

5 370 14 4.1 19 27 51 8.2
10 360 35 3.9 9.1 11 16 8.9
15 160 35 2.7 4.9 55 6.0 8.7
30 91 35 2.7 4.6 51 54 11
60 69 3.3 2.8 4.3 5.0 51 12
120 63 31 2.6 4.6 4.7 4.9 11
180 59 3.6 18 4.1 4.4 4.6 14

Table 3. Residual concentrations of zinc(l1) and calcium(ll) upon introduction of Limeda NBTs electrolyte into deionized
water, CaCl, solutions, and suspensions of phosphogypsum or cement dust. Duration of agitation 10 min, and that
of settling, 5 min, after each introduction

Residual concentration of Zn?* (Ca?*), mg I

Introduced

amount of . ] phosphogypsum sus-| cement dust sus-
zinc(l1), deionized CaCl, solution, gl pension, gl- pension, gl
mg I~ water

1 5 10 25 20 40 40

570 490 5.2(110) 2.4(560) | 4.1(1700) 7.9(6500) 5.0 5.2(180) 9.9(800)
1140 980 82(58) 7.0(280) 7.3(800) 6.3(3900) 5.4 5.7(170) 10(560)
1710 1270 210(22) 43(175) 17(125) 7.1(980) 10 9.5(160) 24(560)
2290 2000 300(6.9) 94(81) 26(34) 14(520) 22 18(150) 47(400)
2860 2500 410(0.7) 210(56) 75(29) 26(210) 25 20(140) 84(160)
3430 2800 610(0.5) 300(30) 130(13) 50(130) 26 22(120) 180(140)
4000 3300 1020(0.2) 430(0.6) 230(10) 88(87) 35 27(73) 420(110)
4570 3600 3580(0.2) 630(0.6) 400(112) 120(71) 180 32(67) 710(82)
5140 4000 3830(0.2) 850(0.5) 530(8.9) 140(39) 190 170(65) 870(54)
5700 4200 4260(0.2) | 1080(0.3) 670(7.1) 210(25) 260 190(32) 1190(52)

are in good agreement with the data of [2]. The pre-
cipitate is mainly formed by rhombic plates 50—
250 um long or aggregates of these, 100-200 pum
in diameter.

Another set of experiments was concerned with
the kinetics of calcium zincate precipitation upon
introduction of a zinc-plating electrolyte into a CaCl,
solution or phosphogypsum (cement dust) suspension
under continuous agitation of the reaction mixture
with a magnetic stirrer. The results listed in Table 2
indicate that the rates of formation of a poorly soluble
calcium zincate are fairly high and are acceptable for
chemical washing purposes.

Further, the process of chemical washing was simu-
lated. A 300-ml portion of deionized water or of an

agueous solution of 1.0, 5.0, 10, or 25 gl CaCl,
was placed in a volumetric vessel, 15 ml of electrolyte
was introduced, the mixture was agitated with a
magnetic stirrer for 10 min and settled for 5 min, the
precipitate volume was determined, a 15-ml sample of
the solution was taken and filtered, and the residual
concentrations of zinc and calcium were determined
by atomic-emission spectrometry. This procedure of
introduction-sampling-analysis of the solutions was
repeated nine times. The results of the experiment,
which are listed in Table 3, and X-ray diffraction data
indicate that the major part of zinc(I1) (~90%) is pre-
cipitated from solution in the form of calcium zincate.

The efficiency of washing grows with CaCl, con-
centration; however, with this concentration raised
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from 10 to 25 gl~L, the volume of the precipitated
phase increased from 8 to 37% because of the forma-
tion of voluminous Ca(OH)2 Therefore the optimal
CaCl, concentration is 5-10 g I, since at lower con-
centrations the solutions are exhausted fast.

The phosphogypsum suspension acts no less effec-
tively, and the volume of the precipitated phase does
not exceed 20%. The precipitate is mainly composed
of calcium zincate with impurity of zinc oxide and
unreacted gypsum.

The cement dust suspension is much inferior in ef-
ficiency to CaCl, solutions and phosphogypsum sus-
pension, with this fact not being associated with ex-
haustion of reactive Ca(ll) ions in solution (Table 3).
The reason is that the cement dust additionally al-
kalizes the reaction mixture.

The gradual increase in the concentration of zinc(I1)
in solution is due to a decrease in the concentration of
reactive calcium(l) ions and rise in the degree of cal-
cium zincate dissociation with increasing solution
akalinity.

The solubility of calcium zincate was studied as
a function of concentration as follows. To 20 ml of
zinc-plating electrolyte was added 10 ml of CaCl,
solution (50 gl‘) and 0-20 ml of NaOH solution
(400 g1Y), the mixture was diluted with distilled
water to 50 ml, agitated for 4 h, and filtered, and the
Zn(I1) concentration was determined. The figure
shows that the solubility of calcium zincate grows
with increasing solution akalinity.

In the course of chemical washing, the precipitate
should be separated from the solution by filtration or
centnfugatlon after a Zn(Il) concentration of 300-
400 mg 17 is reached, and the filtrate is to be added
to acidic and akaline wastes for neutralization. To
separate the precipitate, it is desirable to lower the pH
of the reaction mixture. For this purpose, a dilute
H,SO, solution is introduced or CO, bubbled through
to make the pH 11.5-11.7. The Zn(ll I) concentration in
solution decreases to 15-40 mg I™~. It is necessary to
avoid pH < 115, since in this case voluminous
Zn(OH), is formed. In manufacture, it is much more
convenient to use inexpensive CO,, which makes
it possible to set easily the required pH value. The
filtrate can be recycled.

The precipitate obtained from CaCl, solutions can
be used in electroplating, manufacture of trace-ele-
ment fertilizers and pigments, and ceramic fillers, and
also for preparing zinc-phosphating solutions.

Czn2+, g |_1
5

100 200

CNaoH: 9 1™

Residual concentration of Zn(ll), c;,2+, vs. NaOH concen-
tration cygon- Initial concentratlons of Zn(ll) and CaCl,
are, respectively, 4.8 and 10 gl—

CONCLUSIONS

(1) A procedure is proposed for washing with cal-
cium chloride solutions or phosphogypsum suspen-
sions of articles after alkaline zinc plating. The op-
timal process conditions are established. Compared to
washing in water, the concentration of zinc in the
catching bath is 100-200 times lower because of the
formation of poorly soluble finely crystalline calcium
zincate CaZn,(OH)g- 2H,0.

(2) The precipitate, mainly composed of calcium
zincate with impurity of zinc oxide, can be used in
zinc phosphating for preparing phosphating solutions,
as trace element fertilizer in agriculture, and in some
other industries.
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Variation of Electrolyte Density in Electrode Pores
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Abstract—The difference of the electrolyte densities in the container and within pores of the active electrode
paste was determined in discharge of sealed lead batteries with absorbed electrolyte. The data obtained can

be used in designing sealed batteries.

To calculate and plot discharge curves when de-
signing lead batteries, it is necessary to take into ac-
count the variation of the electrolyte concentration in
the container and within electrode pores. It is known
that, during discharge of a lead battery, the densities
of electrolyte in the container and within pores of the
active electrode paste are different. In [1], the density
of electrolyte within pores of the positive and negative
electrodes of a starter battery was determined after
5 min and 10 and 20 h of discharge. In the 5-min and
10-h modes of discharge, the difference AP of the
electrolyte densities in the container and within pores
of the positive and negative electrodes was, respec-
tively, 0.18-0.065 and 0.13-0.035 g cm3. However,
data on how the electrolyte density within the elec-
trode pores varies with battery discharge in different
discharge modes were not reported in [1].

In order to determine the electrolyte density with-
in electrode pores, we performed an experimental
study of nonportable lead batteries with discharge
capacity of 600 A h and rated electrolyte density of
1.240 gcm™3 at 20°C. During discharge of the bat-
teries in the course of 10, 5, 3, 1, 0.5, and 0.25 h, the
circuit was broken after exhausting 25, 50, 75, and
100% of the discharge capacity, and the open-circuit
voltage (OCV) and electrode potentials were meas-
ured, after which the discharge of the batteries was
continued. The discharge was terminated in accor-
dance with the technical specification requirements
at final voltage Us of 1.8 V in the 3-10-h modes and
175 V in the 0.25-1-h modes.

During dc discharge of lead batteries, there is a
voltage drop across the internal resistance R of the
batteries, which is constituted by the active resistance
and the polarization resistance Ry The latter com-

prises the following resistances: transition resistance
R, reaction resistance R,, diffusion resistance Ry, and
crystallization resistance R.. These polarization resist-
ances are determined by the respective overvoltages.
When the circuit is broken to determine the OCV, the
digital voltmeter only measures the overvoltages of
diffusion, ng, and reaction, n, (or that of crystalliza-
tion, ng). It is difficult to record the transition over-
voltage n; because of the high rate of the process
(occurring within micro- or milliseconds), which
should be taken into account in calculations [2]. How-
ever, the current densities in a nonportable lead bat-
tery in 0.25-10-h discharge modes are low and the
transition overvoltage n; is close to zero. Therefore,
the experimental data, even if obtained with a digital
voltmeter, require no correction.

The results of calculation of the differences of elec-
trolyte densities in the container and within pores of
the active paste of the electrodes, AP, with account
of the experimental OCV values for batteries with dif-
ferent degrees of discharge are shown in Fig. 1. The

AP, gcm3
0.1} 3
\f\/:; 2 .
e
0.06 F //‘\J X

2 4 6 8 107, h

Fig. 1. Variation with the discharge duration t of the dif-
ference AP of electrolyte densities in the container and
within electrode pores of a battery with liquid electrolyte.
Degree of discharge, %: (1) 25, (2) 50, and (3) 100.
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Fig. 2. Variation with the discharge duration t of the dif-
ference AP of electrolyte densities in the separator and
within electrode pores of sealed batteries with absorbed
electrolyte. Degree of discharge, %: (1) 25, (2) 50, (3) 75,
(4 100, and (5) 100 at U; = 1.75-1.80 V.

data obtained indicate that the difference AP of elec-
trolyte densities at the same degree of discharge varies
in the 1-10-h discharge modes only dightly. With
increasing degree of discharge, AP grows.

Theoretical calculations and experimental deter-
mination of the emf (OCV) of lead batteries, carried
out by many authors, have been reported with the dif-
ference of acid concentration within the pores of posi-
tive and negative electrodes disregarded [3]. Here, the
AP value is calculated using experimental data and
those reported in [3]. The experimental OCV value
corresponds to the real concentration of electrolytes
within pores of the positive and negative electrodes
at a particular instant of measurement and determines
the calculated averaged AP value. Comparison of the
differences of electrolyte densities in the container and
in the electrode pores of 100% discharged nonportable
batteries with similar data obtained in [1] shows that
their values are rather close. For example for the
0.25-10-h dlscharge modes considered, AP is 0.097—
0.075 g cm3. The calculated AP values obtained for
1-10-h dlscharge modes are also close to the average
AP vaues for positive and negative electrodes, re-
ported in [1].

A characteristic tendency in the development of
lead batteries is the desire to simplify and make less
expensive, to the maximum possible extent, their
service maintenance. This is achieved by partly or to-
tally sealing the lead battery. One of specific features
of sealed lead batteries is that an immobilized electro-
Iyte, gel-like or absorbed, is used in these batteries.
Replacement of a liquid electrolyte with a gel-like
electrolyte decreases its electrical conductivity and the
diffusion coefficient. According to published data, this
also leads to an increase in the discharge capacity

of the negative electrode and decrease in that of the
positive electrode. In view of the lowering of the
freezing point of the electrolyte by 13-15°C, the frost
resistance of the battery increases, which affects posi-
tively its service characteristics at low temperature
[4, 5].

At present, electrolytes are mostly immabilized
using a glass-fiber separator with high bulk porosity
and good wettability with a sulfuric acid solution.
The fine structure of the fibers in such a separator
alows it not only to separate electrodes, but also to
retain an electrolyte within its pores. Both kinds of
immobilization, with gel-like electrolyte or that ab-
sorbed by the glass fiber, ensure a high rate of oxygen
trangport to the negative electrode, where it recom-
bines [5, 6].

In view of the significant difference between the
electrode operation conditions in lead batteries with
liquid and immobilized electrolytes, a necessity arises
for determining, in design of sealed lead batteries,
the difference of electrolyte densities in the separator
and within pores of the active paste in electrodes.

In the present study, experiments were performed
with SG-6 seadled batteries W|th absorbed electrolyte
of the density of 1.280 gcm™ 3. The OCV and voltage
U were measured during battery discharge with cur-
rents of 0.1C, 0.2C, 0.4C, 0.6C, 1C, 2C, and 3C A
(where C is numerically equal to the rated 20-h dis-
charge capacity) after exhausting 25, 50, 75, and
100% of the discharge capacity. The discharges were
terminated in accordance with the requirements of the
corresponding technical specifications at final voltages
Us of, respectively, 1.75, 1.70, 1.65, 1.60, 1.55, 1.45,
and 1.25 V. In SG-6 batteries, the current densty at
discharges of 0.05-3C is 0.0017-0.1 A cm™, i.e., the
overvoltage r is close to zero and can be dlsregarded
in calculations. The results of experimental studies
and calculations are shown in Fig. 2 in the form of
dependences of AP on the discharge duration t.

For al the discharge modes, the difference of elec-
trolyte densities in the container and within pores, AP,
grows with the degree of discharge increasing from 25
to 100%; in particular, in discharge with currents of
0.1C and 3C, by factors of 2.2 and 3.0, respectively.
At equal degrees of discharge, the difference of elec-
trolyte densities, AP, grows with the discharge current
increasing from 0.1C to 3C by a factor of 2.6 at 25%
discharge and by a factor of 3.6 a 100% discharge.

Comparison of the differences AP of electrolyte
densities in batteries with liquid and absorbed elec-
trolytes (Figs. 1, 2) shows that this quantity is 2.9
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3.9 times lower, compared to batteries with liquid
electrolyte, in batteries with absorbed electrolyte at
25-50% discharge in the 10-h discharge mode, and
1.3-1.1 times lower in the 0.5-h discharge mode. At
100% discharge, the difference of electrolyte densi-
ties, AP, in batteries with absorbed electrolyte is
1.9 times smaller than that in batteries with liquid
electrolyte in the 10-h discharge mode, and 1.8 times
greater in the 0.5-h discharge mode.

It should be noted that these figures will be some-
what different if batteries with absorbed electrolyte are
discharged to a lesser extent. The results obtained in
calculating the difference of electrolyte densities, AP,
for 100% discharged SG-6 batteries at the same fina
voltages as those for the liquid-electrolyte batteries
under study are shown in Fig. 2, curve 5. Comparison
of curves 4 and 5 shows a decrease in AP with in-
creasing final discharge voltage. AP is 2.2 times
smaller than that in batteries with liquid electrolyte in
the 10-h discharge mode, and 1.1 times greater in the
0.5-h discharge mode.

Despite the fact that the rated electrolyte density in
SG-6 batteries exceeds that in the liquid-electrolyte
batteries under study (1.28 and 1.24 g cm>), the AP
value is smaler in 1-10-h discharge modes for bat-
teries with absorbed electrolyte, which, presumably,
can be accounted for by the increasing rate of electro-
lyte diffusion as a result of the greater difference of
electrolyte concentrations in the separator and within
electrode pores. In short-discharge modes, the dis-
charge is ensured by acid accumulated within the elec-
trode pores and the adjacent separator layer, and,
therefore, the AP value for sealed batteries exceeds
that for batteries with liquid electrolyte.

The run of curve 5 in Fig. 2 and the curves in
Fig. 1 aso points to the presence of a certain reserve
of electrolyte in batteries with liquid electrolyte in
short discharge modes and to the possibility of obtain-
ing higher discharge capacity on lowering the final
discharge voltage.

The experimental data on the difference of electro-
lyte dengities in the container and within pores of the
active paste in electrodes of sealed batteries, obtained
in this study, make it possible to determine how the

voltage varies with exhausted discharge capacity for
all discharge modes of sealed batteries being designed,
prior to fabrication and tests of their prototypes.

CONCLUSIONS

(1) Calculated differences of the electrolyte densi-
ties in the container and within pores of the active
electrode paste were found for a sealed lead battery
with absorbed €electrolyte on the basis of experimental
data. The dissimilarity between the values obtained
and the analogous parameters of a lead battery with
liquid electrolyte was demonstrated.

(2) The data obtained make it possible to deter-
mine the basic characteristic, variation of voltage
during discharge, for sealed lead batteries being
designed.
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Abstract—The conditions for formation of complexes of copper(l) with mercapto compounds in agueous-
alkaline solutions and the catalytic activity of these complexes in oxidation of mercaptans and hydrogen
sulfide was studied. The kinetic characteristics of these catalysts were compared with those of catalysts based
on cobalt phthalocyanines. A method was proposed for suppressing formation of the thiosulfate ion in oxida-

tion of H,S to elemental sulfur.

Catalytic oxidation of mercaptans plays a key part
in industrial processes for purification of hydrocarbon
raw materials to remove sulfur compounds [1] impair-
ing the quality of motor fuels and poisoning catalysts
in various stages of manufacture of synthetic rubber.
The content of mercaptan sulfur in the raw materials
is within the range from hundredths to tenths of a
percent. Extraction of hydrogen sulfide from natural
gas containing 1 (Orenburg gas field) to 25% (Astra-
khan gas field) H,S and its subsequent oxidation to
elemental sulfur involves numerous catalytic stages
aimed to convert the maximum possible amount of the
initial H,S into sulfur [2]. Cobalt phthalocyanines
(CoPC), proposed in the 1960s, proved to be the most
effective catalysts for oxidation of mercaptans into
disulfides. In the years that passed, a great number of
CoPC derivatives have been tested: from water-solu-
ble mononuclear complexes intended for oxidation of
mercaptans in the bulk of an aqueous-akaline solution
formed in Merox extraction process to polynuclear
(M > 5000 Da) complexes acting as catalysts at the
interface between the agueous and organic phases in
Merox demercaptanization of naphthas [3]:

2RSH + O, - RSSR + H,0,, @
4RSH + 0, - 2RSSR + 2H,0. @

It is known that, in aqueous—al kaline solutionsin an
excess of thiol compounds, Cu?* ions are reduced to
Cu*, and further, thlolate anions form either soluble
complex&s with Cu* (if additional hydrophilic func-
tional groups are present in a thiol compound) or
poorly soluble Cu* mercaptides in the case when Cu*

has monofunctional mercaptans as ligands [4]. The
formation constants of Cu® complexes with thiol com-
pounds are so high that the concentration of free Cu*
lons_in agueous solutions does not exceed 1010
107" M, depending on the pH of the medium at total
concentratl on of copper compounds in solution in the

range 10410°% ™M [5]:
RSH 2 RS + H, )
2RS™ + Cu?* 2 RSSR + Cut, @)
2RS™ + Cu* 2 [Cu(SR),], 5)
RS + Cu* 2 CuSRl. (6)

Hence follows that the catalytic properties of copper(l)
in oxidation of thiol compounds are due to complex
species rather than to Cu® agua ions.

A study of the catalytic oxidation of thiol com-
pounds in relation to their structure in aqueous solu-
tions revealed that the rate of oxidation of difficultly
oxidized aliphatic mercaptans in aqueous-alkaline
solutions increases dramatically [6] if into their solu-
tions, along with Cu®, minor amounts of readily oxi-
dizable dimercapto compounds (DMCs) (I) are intro-
duced, such as dimercaptopropionic, dimercaptosuc-
cinic, and dimercaptopropanesulfonic acids and dimer-
captopropylamine (Fig. 1):

CH,~CH-CH,SO,H  HOOC-CH-CH,

SH SH SH SH
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CH,-CH-CH,-NH,  HOOC-CH-CH-COOH

SH SH SH SH

In this case, Cu* mercaptides are dissolved and
the previoudly inert mercaptans start to oxidize with
kinetic characteristics typical of DMC oxidation. This
effect can be used to develop novel catalysts for mer-
captan oxidation, which have not been used previ-
ously in purification of petroleum products to re-
move mercaptans. Here, the main components of the
catalyst are DMCs and their complexes with copper
(DMC + Cu™), introduced into an akaline solutlon In
this case, the catalyst complex DMC + Cu* does not
require development of any special flowsheet in puri-
fication of hydrocarbon raw materials to remove mer-
captans, being totally compatible with the flowsheets
employing CoPC.

The scheme of this process is as follows: hydrocar-
bon raw materials are brought in contact in an ex-
tractor, in a counterflow, with an alkaline (15-20%
NaOH) solution of the catalyst, and mercaptans,
which are weak acids (pK, 10-10.5) pass in the form
of anions, mercaptides, into the aqueous-alkaline solu-
tion. In this solution, when it comes in contact with
atmospheric oxygen in the regeneration apparatus,
mercaptides are oxidized to disulfides. The disulfides,
which are insoluble in agueous solutions, are extracted
from the agueous phase in the settling apparatus,
being accumulated in a smal volume of the upper
organic layer and then removed from the system [7].

The DMCs mentioned differ only dlightly in their
catalytic propertles in oxidation of mercaptans in the
presence of Cu™ ions, but only dimercaptopropanesul-
fonic acid (unithiol) is manufactured in Russia on the
industrial scale for use in medicine to cure poisoning

Co, M
30

2.0

1.0

1 3 5 7

9 1, min
Fig. 1. Catalytic oxidation of butyl mercaptan BuSH.
(Coz) Oxygen concentration and (t) reaction time. Solution

composition (M): (1) CuSQOy, 125>< 1075; BuSHg, 1x 1072,
pH 11; (2) 1 + unithiol, 1x 104,

with heavy metals. Therefore, a catalyst on its base is,
in principle, of interest for demercaptanization of
hydrocarbons. The mechanism of the catalytic action
of DMC + Cu* catalysts is based on two conj ugated
reactions: DMC oxidation by molecular oxygen in the
coordination sphere of Cu® ions and thiol—disulfide
exchange, WhICh occurs outside the coordination
sphere of the Cu™ ion and results in that mercaptans
dissolved in the akaline medium are converted into
disulfides and DMCs oxidized in the first reaction
pass into their original reduced form. At relatively low
Cu® concentrations the occurring reactions can be
represented by Scheme 1.

Effective homogeneous catalysts for mercaptan
oxidation must be characterized by high catalytic ac-
tivity and long-term stability in 15-20% alkali solu-
tions. The kinetics of butyl mercaptan oxidation in the
presence of a complex of unithiol with copper(l) was
studied in most detail: the dependence of the rate of
mercaptan oxidation on the unithiol concentration,

Scheme 1
__ | 2— 12—
CH,—CH—CH,—SO; N CH,—CH—CH,—SO; +0, CH,—CH—CH,—SO;
| LT | o2 | [ ]
S Sl s s
N NS
Cu* Cu*
O2
CH..—CH—CH,—SO;
— ] 277 sad” +(0)%
S—S
CHZ—ﬁH4H2—%§ s ?HZ—ﬁH—CHZ—%g - (|3H2—CH—CH2—SO,;
+ + .
S—s — s s —— S~ RSSR
SR
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Fig. 2. BuSH oxidation rate V at relatively low Cu(l) con-
centrations in the catalyst solutlon Concentration: BuSHg
1.75x 1071 and unithiol 4 x 1073, (cgysH) BuH concentra
tion; the same for Fig. 4. Cu(l) concentration, g-ion I-L:
(1) 255 %106, (2) 2.0x 105, (3) 1.60 x 10, (4) 1.25 x 105,
(5) 1.0x105 and (6) 6.25x10".

content of copper(l) ions in solution, and concentra-
tion of butyl mercaptan was analyzed.

EXPERIMENTAL

A procedure for determining the cataytic activity
was chosen with account taken of the conditions in
which the oxidation is kinetically controlled. The
most adequate in this regard is the technique described
in [8]. The oxidation was done with technical-grade
oxygen under atmospheric pressure in an akaline
solution of the catalyst in a batch instalation. The
reactor was a 0.5-1 glass vessel equipped with a three-

CgusH M
0.68

0.52

0.36

0.20

0.04

60 140 220 T, min
Fig. 3. BuSH oxidation kinetics at varied initial con-
centratlons of mercaptan. Concentratlon Cu(l) 1.25x
1076 g-ion I"1 and unithiol 4 x 1073 M. (cgysH) BUSH con-
centration and (1:) reaction time. Inltlal BuSH concentration,
M: (1) 6.5x 10~ and 2 3.2x10°L

blade impeller stirrer, bubbler for oxygen supply,
reflecting partitions, reflux condenser, and contact
thermometer connected to an electric relay. To main-
tain the temperature at the required level, a cooling
finger was inserted into the vessel, and the reactor
itself was heated with a Nichrome coil. The tempera-
ture was controlled to within £0.5°C, the stirrer rota-
tion rate was 2700 rpm. Kinetic curves of butyl mer-
captan oxidation were recorded at 20°C. The concen-
tration of copper(l) ions was varied between 1.0x 1078

and 1.0x107° M, and that of unithiol, between 1.0 x
1072 and 1.0 x 102 M. The initial concentration of
mercaptides in the alkaline solution was varied bet-
ween 0.690 and 0.082 M. The solution of mercaptides
was prepared by mixing appropriate amounts of fresh-
ly distilled butyl mercaptan with a 10% solution of
NaOH. The catalyst complex was prepared separately
by dissolving weighed portions of unithiol and
CuSO,4-5H,0 in didtilled water. The mercaptide
and catalyst solutions were mixed and the reaction
mixture was thermostated directly in the reaction
vessel in an atmosphere of argon. Oxygen was fed
into the vessel at 20°C; the reaction time was counted
from the beginning of oxygen supply into the reactor.
The oxidation course was monitored by the content of
mercaptides in the akaline solution, by sampling the
reaction mixture at certain intervals of time. The
content of mercaptides in the reaction mixture was
determined by potentiometric titration with 0.01 N
[Ag(NH3),]NO3 in conformity with GOSTs (State
Standards) 22985-78 and 17323-71.

The graphical dependence of the oxidation rate on
the mercaptan concentration at different reagent con-

centrations in solution is shown in Figs. 2-4. It can
V x 102, mol 17 min-?

0.28T 5

3

S 4

5

020 6
0.12}
0.041

0.04 0.08 0.12  0.16

CausH, M

Fig. 4. BuSH oxidation rate V at varied unithiol concentra-
tion in the catalyst solution. Concentratlon M: BuSHg,
175x 1071 and CuSO, 1. 25 x 1075, Unlthlol concentratlon
M: (1) 1x 10 (2) 5x103, (3) 35x103, (4) 2.2x10°,
(5) 15x 103, and (6) 8x 10%,
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be seen that the reaction kinetics is described by
the Michaelis equation [9, 10]

V = —d[RSH]/dt = Vo [RSHI/((RSH] + K,), (7)

where V is the reaction rate, [RSH] is the mercaptan
concentration, and Vo and K, are constants.

With increasing mercaptan concentration, the reac-
tion rate does not grow unlimitedly, but tends to a
value Vo reached at the highest concentrations of
the catalytically active complex species. The physical
meaning of the Michaglis constant K, is as follows: If
the mercaptan concentration is chosen to be [RSH] =
Ky then the reaction rate is equal to half the maxi-
mum possible value, i.e., V = —d[RSH]/dt = V|;,5/2.
Such a dependence means that the reaction rate is
limited by the concentration of the catalytically active
complex species. Their concentration becomes the
highest at mercaptan concentrations of about K,,, and
then it no longer depends on the mercaptan concentra-
tion because of the saturation. Thus, this reaction is

~0,5—CH,—CH—S—Cu" « “S—CH,

CH,—S > Cu'—"S— CH—CH,—SO;

Therefore, the mechanism of oxidation of coordi-
nated dimercapto compounds in such a dimeric com-
plex differs from the scheme presented for the mono-
meric form of the complex: electrons pass from four
thiolate anions to the bridging O, molecule, and water
molecule, rather than the O%‘ anion, is the reduction
product in this case (Scheme 2). At low copper(l)
concentrations, the reaction is first-order with respect
to copper(l), since the dimeric complex is mainly dis-
sociated; whereas at sufficiently high copper(l) con-
centrations the reaction order must be 0.5, i.e., the
reaction rate is to be proportional to a square root of
the copper concentration. It is this behavior that is
observed experimentally (Fig. 5).

As shown by experiments, the oxidation rates of
butyl and ethyl mercaptans are the same under com-
parable conditions, and that of the sulfide ion is half
the oxidation rate of mercaptans, which would be ex-
pected since the sulfide ion loses two times greater
number of electrons in oxidation, compared to the
mercaptide ion. By contrast, in the presence of CoPC
catalysts, high-molecular-weight mercaptans are oxi-
dized more readily than low-molecular-weight mer-

first-order at very low mercaptan concentrations and
zero-order at a sufficiently high concentration. It is
the latter case that occurs in catalytic oxidation of
mercaptans in _high-sulfur raw materials. Therefore,
the quantity 111, reciprocal of the time of conversion
(e.g., 95% oxidation), can serve as a measure of the
catalyst performance. Let us consider how the reaction
rate depends on the concentrations of the catalyst
components. The rate is virtually independent of the
unithiol concentration in a wide range (Fig. 4). Asfor
the dependence of the reaction rate on the copper(l)
concentration, the situation is complicated by the fol-
lowing circumstance. As shown previously [6], the
complex of copper(l) with unithiol exists in two
forms, monomeric and dimeric, characterized by dif-
ferent catalytic activities. In the dimeric complex, the
O, molecule is a bridging ligand, in which connection
the steady-state concentration of the catalyticaly
active oxygen-containing complex is higher for the
dimeric form of the complex, compared to its mono-
meric form:

4= CHZ—ﬁH—CH2—80§ -
2|5 -5 . (8

N
Cu*

| I—

captans. For example, Co disulfophthalocyanine oxi-
dizes butyl mercaptan 4.5 times faster than ethyl
mercaptan, which, in turn, is oxidized severa times
faster than the sulfide ion. Moreover, in contrast to the
kinetic characteristics of the DMC + Cu* systems, the
reaction is first-order with respect to the catalyst and
mercaptan concentrations [11].

In view of the fundamentally different kinetic char-
acteristics of the catalysts compared, the time neces-
sary for 95% oxidation of butyl mercaptan with the
initial concentration of 0.2 M was chosen as a cata-
lytic activity criterion.

Experiments demonstrated that butyl mercaptan is
95% oxidized in an akaline solution at copper(l) and
unithiol concentrations of, respectively, 5x 107 and
5x 1074-5 x 103 M in 35-40 min, whereas the in-
dustrial Co disulfophthalocyanine ensures the same
conversion in 100 min at a concentration in solution of
5x 10 M. With Co polyphthalocyanine, 95% con-
version of butyl mercaptan into disulfide is reached
in 20 min. It is noteworthy that the activity of the
catalyst based on Cu* and dimercaptopropionic acid
ensures the same conversion in 20 min. Thus, compar-
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Scheme 2

CH,—CH—CH,SO;

+

2cu’ +2| |
-

p—

~0,5—CH,—CH—S—Cu'<——S—CH, 4=

CH,—S=—Cu*—"S—CH—CH,—SO;

~0,5—CH,—CH—S—Cu'<——S—CH, 4=
+ 0, /
P — 02
CH,—S—>Cu'—"S—CH—CH,—SO3
~0,5—CH;,—CH—S—Cu'<—S—CH, 0
. / CH,—CH—CH,SO;
+4H + | 2 | 273
Pa— 2H,0 —>2Cu + 2 S + 2H,0.

ison of the activity of DMC + Cu" catalysts with that
of the industrially used CoPC catalysts shows that the
unithiol-based system is 2.5 times more active than
Co diphthalocyanine and 1.5 times less active than
Co polyphthalocyanine, and the system based on Cu*
and dimercaptopropionic acid exhibits higher activity
than Co polyphthalocyanine.

The above data on the catalytic activity are an im-
portant, but insufficient characteristic of the catalysts,
since, at their close catalytic activities, of key im-
portance for the effective industrial use of the cata-
lysts must be their stability in alkaline solutions. That
is why experiments were performed on prolonged
keeping of the catalysts in a 10% NaOH solution,
with periodic sampling to measure the dependence of
the catalytic activity on the time of keeping of the

7t x 10% [min]
15}k

10

1 1 1

4 8
cg'u5(|) x 103, g-ion 11

Fig. 5. BuSH oxidation rate vs. concentration ccy) of
Cu(l) ions in the catalyst solution at high Cu(l) concentra-
tions. (t) Time of 95% conversion. Concentrations. BuSH,
1.75x 101 M, unithiol 4x 1073 M, Cu(l) 4 x 106 x
105 g-ion -1,

N N
CH,—S —>Cu"—'S—CH—CH,—SO3

catalyst solutions. The initial concentrations (M) of
the catalysts compared were the same as those in in-
dustrial proce&es ie,3x107 dlwlfophthalocyanlne
15 x 10 polyphthalocyanine, and 5 x 1072 unithiol +
1x10°3 CuSQO,. The variation of the activity of the
catalyst solutions with time is shown in Fig. 6. It can
be seen that after 7 days the activity of the DMC +
Cu", disulfophthalocyanine, and polyphthalocyanine
catalysts decreased by, respectively, factors of 1.4,
17, and 60. After 2 weeks the respective figures were
2.5, 120, and 120. In subsequent wmpllng the ac-
tivity was only measured for the DMC + Cu™ catalyst,
to decrease 5-fold in 6 weeks, compared with that
of afreshly prepared solution. Thus, it was established
that the DMC + Cu* catalysts much better retain their

-1 2 [
7~ x 107 [min]
LS

20 40 1, days
Fig. 6. Variation of the catalytic activity of the complexes
in prolonged keeping in a 10% NaOH solution. (t1) Time
of 95% conversion and () time of keeping in an alkali
solution. Catalyst (g™ 1) (1) disulfophthalocyanine, 2.0;
(2) polyphthalocyanine, 1.0; (3) complex of copper
(0.17 g1t CuSO,) with unithiol, 1 g~7.
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activity in prolonged storage in akaline solutions
than the CoPC catalysts do [12, 13].

It is known that CoPC catalysts cannot sustain
elevated temperatures in alkaline solutions: their ac:
tivity falls dramatically at 70-80°C. The DMC + Cu*
catalysts show no changes in catalytic activity on
being kept for 1 h in a 10% NaOH solution at 95°C
and subsequent cooling of the solution to 20°C. The
same result was obtained on heating a DMC + Cu*
catalyst solution in a 20% diethanolamine solution
a 107°C for 1.5 h.

It was of interest to test the capabilities of DMC +
Cu® catalysts in a more intensive process involving
purification of natural gas to remove hydrogen sulfide,
with elemental sulfur obtained simultaneously. Most
frequently, natural gas with high H,S content (>1.5%)
is purified in the industry by intensive processes
associated with preliminary H,S absorption by ethan-
olamine solutions, subsequent desorption of H,S from
ethanolamine solutions at 120°C, and its oxidation
in a flow of O, to elemental sulfur (Claus process).
This technique has an important disadvantage, high
sorbent loss of up to 100 g of ethanolamine per ton of
natural gas. All other “wet” methods for H,S oxida-
tion do not compare in intensity with this process and
can only be used at low H,S content in natural gas
(<0.5%), because Na,COs solutions should not be
strongly saturated with hydrogen sulfide. Such a satu-
ration could lead to predominant formation of thiosul-
fate and sulfate ions in the solutions, with the H,S
absorption capacity of the solutions decreasing in
proportion to this accumulation [14]. Preliminarily,
the oxidation of H,S to polysulfides and elemental
sulfur in sodlum carbonate solutions in the presence
of DMC + Cu* catalysts was studied and it was es-
tablished that, in H,S oxidation, elemental sulfur is
not the only and even not the major reaction product.
Indeed, experiments aimed to determine the stoi-
chiometry of H,S (1.5 M) oxidation in Na,COg solu-
tlons containing 2 x 10> M unithiol and 4 x 1074 M
Cu" demonstrated that elemental sulfur and thiosulfate
ions are formed in a 1 : 4 molar ratio. The short-chain
polysulfides formed in the catalytic stage react outside
the coordination sphere of the complex with excess
O, by the radical-chain mechanisms, finally yielding
thiosulfate ions [15]:

HS + RSSR 2 RSSH + RS, 9)
RSSH  RSS + H, (10)

RSS  + RSSR > RSSSR + RS, (12)
RSS + RSSSR > RSSSSR + RS, (12)
RSS + R(S);R 2 R(9gR + RS, (13)

RUSSIAN JOURNAL OF APPLIED CHEMISTRY

R(SgR — Sgb + RSSR. (14)

The undesirable appearance of radicas can be
prevented by introducing effective radical scavengers
into the system. For example, 0.2-1 M ammonium
thiosulfate and 0.03-3 M elemental sulfur are intro-
duced, together with CoPC, into the absorbing solu-
tion. However, these measures ensure quantitative
conversion of H,S into sulfur at H,S concentration in
solution not exceeding 2 x 1072 M in 3-20 min [16]
and, therefore, cannot be used in processing of gases
with high H,S content. In the present study, an amino-
disulfide, (H,NCH,CH,S-),, cystamine, manufac-
tured in Russia industrially, was used to effectively
suppress radical-chain reactions in H,S oxidation.
Aminodisulfides are known to be, together with ami-
nothiols, active scavengers of many kinds of radicals.
Here, it should be emphasized once more that the oxi-
dation of both mercaptans and hydrogen sulfide oc-
curs in the thiol-disulfide reaction, including that
with active short-chain polysulfides, rather than in the
coordination sphere of the complex. Thus, it would be
expected that, as a result of consecutive reactions,
these active polysulfide species will be transformed
into R(S),R species, which are inert toward O,. With
the chain of sulfur atoms growing, as a result of these
reactions, to R(S)gR or R(S)1gR, 6- and 8-membered
sulfur rings are formed from them. Indeed, the pres-
ence in the absorbing solution of cystamine with con-
centration of 1-1.5 M, in addition to DMC + Cu",
totally suppresses formation of oxygen -containing
sulfur compounds in oxidation of 1.5 M S% with half-
oxidation time of 6 m|n in the presence of 2 x 103 M

unithiol and 4 x 104 g-ion I~ Cu™.

Thus, the system proposed ensures a two orders of
magnitude more intensive process than that in the
above-considered conventional technique with CoPC.
Analysis for the content of thiosulfate ions in solu-
tions shows that their concentration does not exceed
1%. The difficulty of analysis of thiosulfate ions in
the presence of a large excess of cystamine gives no
way of determining with sufficient accuracy in labora-
tory conditions how much less than 1% is the amount
of thiosulfate ions formed in the system. This could
be done reliably in experiments on a continuous pilot
installation from the extent of preservation of the
buffer capacity of the absorbing solution in the stage
of H,S absorption.

Calculations show that, if by-product thiosulfate
ions are formed in amount less than 0.1%, the catalyt-
ic system developed is more attractive economically
than separate ethanolamine trestment of natural gas to
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remove H,S with elemental sulfur subsequently ob-
tained by the Claus method. An additional advantage
of cystamine introduction into the catalytic system is
that cystamine as a base can aso be employed as an
effective absorbent binding the H,S acid from the gas
flow, instead of using the conventional ethanolamine,
and can perform, in the stage of catalytic interaction
between H,S and O,, a second important function by
suppressing the undesirable radical-chain reactions.

CONCLUSIONS

(1) New effective catalysts for oxidation of mer-
captans and hydrogen sulfide are proposed, based on
complexes of copper(l) with dimercapto compounds,
which can be used in purification of the wide fraction
of light hydrocarbons to remove mercaptans and in
purification of natural gas to remove hydrogen sulfide,
with elemental sulfur obtained simultaneously.

(2) A study of the kinetic characteristics of the
new catalysts demonstrated that the catalyticaly ac-
tive species in the practically important range of con-
centrations is the dimeric form, which binds more
effectively an oxygen molecule in the coordination
sphere of copper(l).

(3) In oxidation of H,S to elemental sulfur, the
undesirable formation of a by-product, thiosulfate
ions, was suppressed by introducing cystamine into
the catalyst solution, with the high intensity of catalyt-
ic oxidation of H,S into elemental sulfur preserved.
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Abstract—The effect of high-temperature steam treatment of high-silica zeolites of the ZSM-5 type on their
acidity and selectivity of formation of lower olefins from straight-run naphthas was studied.

High-silica zeolites (HSZs) of the ZSM-5 type
exhibit high activity in many transformations of hy-
drocarbons [1-4]; however, they are rapidly deacti-
vated owing to active coking. The coking on the cata-
lyst surface can be supressed by addition of special
modifying components or appropriate pretreatment
[5-13]. In this connection, it is advisable to study how
the high-temperature steam treatment affects the acid
and catalytic characteristics of HSZs of the ZSM-5
type in conversion of straight-run naphtha (SRN) to
lower olefins and aromatic hydrocarbons.

EXPERIMENTAL

High-silica zeolites of the ZSM-5 type with silica
modulus of 30 were produced by hydrothermal syn-
thesis from akaline aluminosilica gels by the proce-
dure described previously [14]. The resulting samples
of zeolites were decationized by treatment with 25%
agueous NH,CI at 90°C for 2 h, dried at 110°C, and
calcined at 550°C for 8 h (Na,O content less than
0.1%). As shown by IR spectroscopy and X-ray analy-
sis (Mo anode, Ni filter), the synthesized zeolites cor-
respond to HSZs of the ZSM-5 type with 90-95%
degree of crystalinity. The coke amount in the sam-
ples was determined by thermal gravimetric analysis
on an MOM derivatograph (Hungary). After comple-
tion of the catalytic experiments, the reaction products
adsorbed on the catalyst surface were removed with
a flow of gaseous nitrogen. The carbon-containing
residue remaining on the catalyst surface under these
conditions was considered as coke. After removal of
adsorbed hydrocarbons with gaseous nitrogen, the
reactor was cooled and the coked catalyst was dis-

charged into a hermetically sealed vessel. A weighed
portion of the catalyst sample was placed into a
platinum crucible and heated in air at a rate of
10 deg min~! with the simulatneous recording of the
thermal and weight loss effects. The sensitivity of
the derivatograph in the weight measurements was
5x1074 g.

To study the influence of high-temperature steam
treatment (HTST) on the acid and catalytic character-
istics, the HSZ samples were subjected to high-tem-
perature steam pretreatment at 550 and 700°C. The
acid characteristics of HSZs were studied by thermal
desorption of ammonia by the procedure described
previoudly [15]. The catalytic characteristics of HSZs
in conversion of SRN were studied on a flow-type in-
stallation [13]. Astheinitia hydrocarbon raw material
we used SRN produced by the Surgut Gas-Processing
Plant with the following composition: paraffins 56.89,
naphthenes 32.76, and aromatic hydrocarbons 8.54%
(here and hereinafter, wt %).

The results of studying the effect of HTST on the
activity and selectivity of HSZs in conversion of SRN
are listed in Table 1. With increasing reaction tem-
perature from 500°C to 650°C at the space velocity of
SRN of 3 h%, the degree of SRN conversion increases
from 85 to 90%. With hesating, the yield of lower ole-
fins Co—C, increases from 6.7 to 26.0%, and the yield
of aromatic hydrocarbons, from 33.5 to 37.8%. The
content of aromatic hydrocarbons Cg—Cg in the liquid
catalyzate at the pyrolysis temperature of 600°C is
88.3%. With increasing duration of HTST of HSZ at
550°C from 7 to 15 h, the yield of lower olefins in
the products of SRN pyrolysis at 700°C abruptly in-
creases to 40.9%. An increase in the temperature of
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Table 1. Effect of HTST on the yield of products of SRN conversion on HSZ

Treatment conditions Yield based on SRN, % Content, %

Tz eth C,C, | ethyl | C,C, a |

o ° metn- 7Ca yl- | propyl- >~Cy &- | arenes in

T =C w h 985 | ane ethane alkenes ene ene AENES | kenesin gas | the catalyst
Initial HSZ 500 | 59.2 | 6.4 7.8 6.7 12 34 335 11.3 82.1
550 [ 57.2 | 9.6 9.0 11.6 35 5.3 36.4 20.3 85.0
600 | 57.2 | 13.1 9.8 16.4 6.4 6.7 37.8 20.7 88.3
650 [ 585 | 11.5 7.7 26.0 11.3 9.9 35.8 44.4 86.3
550 7 500 [ 255 | 1.0 15 12.7 3.6 5.7 12.9 49.8 17.3
550 [ 35.7 | 1.9 24 21.3 6.3 8.6 19.9 59.7 30.9
600 [ 442 | 3.6 32 285 8.6 115 26.5 545 475
550 15 550 [ 343 | 1.6 17 239 6.6 10.8 135 69.8 20.5
600 [ 449 | 33 2.7 33.2 9.7 14.1 13.9 73.9 25.2
650 [ 520 | 5.8 35 37.3 135 16.4 15.6 71.7 325
700 | 583 | 8.7 45 40.9 15.15 16.9 17.8 70.2 42.7
700 1 550 [ 232 | 14 14 155 44 7.3 9.2 66.8 11.9
600 [ 356 | 2.9 2.2 24.7 7.6 11.2 105 69.4 16.3
650 | 49.7 | 4.9 2.7 311 9.8 134 12.9 62.6 25.6
700 [ 519 | 8.1 40 35.7 12.0 14.7 16.4 68.8 34.1
700 2 550 [ 223 | 0.9 11 14.8 3.6 6.2 7.9 66.4 10.2
600 [ 349 | 22 1.8 25.3 6.9 10.6 8.7 725 134
650 [ 436 | 4.1 25 32.3 9.9 124 12.9 74.1 22.9
700 [ 532 7.1 35 38.8 13.6 145 15.3 72.9 32.7
700 6 550 83| 04 0.3 6.4 12 31 6.3 77.1 6.9
600 [ 142 | 0.9 0.6 10.2 2.7 5.7 6.5 71.8 75
650 [ 26.3 | 23 14 19.3 5.9 94 7.2 73.4 9.8
700 | 468 | 5.9 3.2 337 11.2 14.2 11.9 72.0 22.4

1-h HTST of HSZ from 550°C to 700°C resultsin de-
creased SRN conversion; however, the yield of lower
olefins is 35.7% a the pyrolysis temperature of
700°C. An increase in the duration of HTST of the
catalyst at 700°C to 6 h abruptly decreases the catalyst
activity and the yield of lower olefins C,—Cy4. Ap-
parently, prolonged action of steam on the catalyst
sample partialy destroys the crystal structure of
zeolite.

Thus, the optimal condition of HTST of the cata-
lyst is trestment of HSZ at 550°C for 15 h. Under
these conditions, at the SRN pyrolysis temperature of
700°C and the space velocity of 3 h™L, we obtained
on HSZ 40.9% yield of lower olefins C,—C,4, among
them ethylene 15.2% and propylene 16.9%; the con-
version of HSZ was 71% (Table 1). This behavior of
HSZ subjected to HTST at various high temperatures
and for a long time is caused by variation of the
acid characteristics of the zeolite-containing cata-
lysts. In this connection, we studied how HTST af-

fects the acid characteristics of HSZs. The acid char-
acteristics were evaluated by therma desorption of
ammonia

Two forms of ammonia desorption are observed in
the thermal desorption curve of the initial HSZ: low-
temperature form | of ammonia desorption with the
peak temperature T, 194°C and high-temperature
form Il with T, 406°C. The concentrations of acid
centers are 623 and 526 umol per gram of the catalyst,
respectively (Fig. 1la, Table 2). High-temperature
steam pretreatment of HSZ at 550°C for 7 h shifts the
two peaks of ammonia desorption to lower tempera
tures and significantly decreases the concentration
of acid centers. the low-temperature form | of am-
monia desorption is characterized by the peak at T 5
179°C (289 pumol per gram), and high-temperature
form 11, by T 298°C (171 umol per gram). The
total concentration of acid centers in comparison with
the initial HSZ decreases by a factor of 2.5. As the
time of HTST of HSZ at 550°C is further increased to
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Table 2. Effect of HTST on the acid characteristics of HSZ

Treatment conditions Toae °C Amount of acid centers, umol gt
T, °C T, h form | form 11 form | form 11 total
Initial HSZ 194 406 623 526 1149
550 7 179 298 289 171 460
550 15 165 295 170 62 232
700 1 174 290 138 93 231
700 2 155 290 155 69 224
700 6 179 260 87 55 142

15 h, both forms of ammonia desorption are shifted
to lower temperatures, and the concentration of acid
centers of both types decreases (Fig. 1a, Table 2).

The study of effect exerted by HTST of HSZ at
700°C on its acid characteristics showed that, as a
result of treatment of the catalyst for 1 h, the con-
centration of acid centers, especially that of strong
(Bransted) acid centers [6, 8-9, 11], considerably
decreases. On the contrary, weak (Lewis) acid centers
are more resistant to HTST and are not destroyed
even at prolonged HTST for 15 h and more (Fig. 1b,
Table 2) [7, 12].

Thus, when the HTST temperature is increased to
700°C and HTST time, to 15 h and more, the strong
Brensted centers are destroyed, the strength and con-
centration of weak Lewis acid centers decrease, and,
as aresult, the selectivity of formation of lower olefins
from SRN increases. It is advisable to perform HTST
of zeolite-containing catalysts at a temperature not
exceeding 550°C, since under these conditions strong
acid centers transform to moderately strong Brensted
acid centers and the rates of aromatization and coke
formation, proceeding actively on strong Brensted
acid centers, decrease. HTST of zeolite-containing
catalysts at elevated temperatures results in hydrolysis
of the S—O-Al bonds and removal of aluminum from
the zeolite skeleton (conversion into Al,O3) owing to
dehydroxylation [16]. Variation of the selectivity of
SRN conversion on zeolite-containing catalysts under
the effect of HTST is caused primarily by removal of
aluminum from cationic sites during HTST. This in-
creases the selectivity of formation of C,—C, ol€fins
from SRN and decreases the rates of aromatization
and coke formation.

The DTA of the samples after their operation in
pyrolysis of SRN revealed an exothermic effect in the
range 450-650°C with a clearly pronounced peak
a 580°C and a high-temperature shoulder; this sug-
gests a wide spectrum of coke deposits. The total

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76

weight of the coke deposit in the spent HSZ sample
is 7.2%. As aresult of HTST of HSZ, the weight of
the coke deposit in the spent catalyst sample after
pyrolysis of SRN decreases to 5.6%. The peak (T,5)
in the DTA curve is shifted to lower temperatures
(560°C), and an additional exothermic peak with a
maximum at 330°C appears, i.e.,, a more “friable”
low-temperature coke is formed in the course of SRN

pyrolysis.
CONCLUSIONS

(1) Upon high-temperature steam treatment of
high-silica zeoilites of the Pentasil type (ZSM-5), the
acid centers in the zeolite are redistributed, which

I, mV
120}

@)

80

.

h L

200 40 600

200 400 600
T, °C
Fig. 1. Spectra of thermal desorption of ammonia. (I) Sig-
nal intensity and (T) temperature. (1) Initial HSZ; HTST
time, h: (8 (2) 7 and (3) 17; (b) (2) 1, (3) 2, and (4) 6.
Temperature of HTST, °C: (a) 550 and (b) 700.
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results in predomination of weak Lewis acid centers
over strong Brensted acid centers.

(2) In pyrolysis of straight-run naphthas, high-

temperature steam treatment of high-silica zeolites
results in increased yield of lower olefins C,-C, and
decreased yield of aromatic hydrocarbons and coke
deposits, formed more actively on strong Brensted
centers of the zeolite-containing catalyst.
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Abstract—Mass exchange in absorbers having the form of fluid-gas jet apparatus with elongated mixing
chamber is considered. An approach to calculation of the mass-exchange coefficients and gas absorption rate
in aflow of a gas-fluid emulsion in the mixing chamber is proposed. Results obtained in industrial operation

of the absorber are presented.

Use of jet apparatus with elongated mixing cham-
ber as small-size absorbers seems to be promising for
the modern industry [1, 2]. Absorbers of this kind can
be used both for physical absorption and (most effec-
tively) for chemisorption. In this case, engineering
calculation of jet absorbers requires that, in addition
to hydrodynamic parameters, mass-exchange charac-
teristics (phase boundary area and mass-exchange co-
efficient) should also be calculated.

The phase contact surface is produced in a jet
absorber as a result of mixing of flows of the working
fluid (absorbent) and gas being sucked in and has the
form of a gas—fluid emulsion or foam, depending on
the volume content of the dispersed phase. In [1, 2],
studies of dispersion and coalescence in fluid—gas jet
apparatus with elongated mixing chamber for the
water—air system were reported. On the basis of the
results obtained, expressions were proposed for deter-
mining the area of the phase boundary formed via
disintegration of gas bubbles by the fluid jet and for
finding how this area changes upon coalescence in
motion of a two-phase flow in the mixing chamber of
the jet apparatus.

At the same time, there are no published data on
mass transfer in jet apparatus with elongated mixing
chamber, which could be used to calculate the mass-
transfer coefficient. In view of this fact, the aim of
this study is to propose expressions for determining
the mass-transfer coefficient in absorption in a jet
apparatus with elongated mixing chamber.

As is known, the mass-transfer coefficient is deter-
mined by the coefficients of mass transfer from the
gas phase to the phase boundary and from the phase
boundary to the fluid phase [3]. In absorption at small

size of gas bubbles and developed turbulent flow of
the fluid-gas emulsion, the main resistance to mass
transfer is exhibited by the fluid phase since, for poor-
ly soluble gases, the rate of molecule diffusion in a
gas much exceeds that of molecules in the fluid. In
this connection, the resistance in the gas phase is
commonly neglected in calculating the mass-transfer
coefficient under conditions of both physical adsorp-
tion and chemisorption, with the mass-transfer coef-
ficient being approximately equal to the coefficient of
mass transfer from the phase boundary to the liquid
phase [3-5]. This coefficient, B¢, is commonly deter-
mined under turbulent flow conditions in terms of
the Higby model accounting for the nonstationarity of
the mass transfer [4, 5]:

Br = 2(Dy/mt)V2, @

where Dy is the molecular diffusion coefficient of the
component being absorbed in the fluid phase (m2 s )
and t is the period of surface renewa (S).

As the surface renewa period t can be taken the
time in which a bubble moves relative to the flow to
a distance equal to its diameter. If the velocity of rela-
tive motion of a bubble in the flow is denoted by w,
then the time of surface renewal can be found from
the expression

t = dy/w, 2

where dy, is the bubble diameter (m) and w isthe reI&
tive velocity of bubble motion in the flow (ms™).

Substitution of (2) into Eq. (1) brings this equation
to the form

B = 2(Dswindy)Y2. ©)
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In the criterial form, expression (3) takes the form [5]
Sh = 1.13Pe'?, 4

where Sh = B;d,/D; is the Sherwood number, and
Pe = wd,/D; is the diffusion Peclet number.

The main difficulty in applying EQ. (4) to calcula-
tion of the mass-transfer coefficient consists in deter-
mining the velocity w of the relative motion of a
bubble. This velocity in aturbulent flow can be found
in terms of Kolmogorov's theory of isotropic tur-
bulence. In this case, as relative motion velocity of
particles of the dispersed phase in a flow is employed
the difference of velocmes of turbulent pulsations on
the particle scale, (W92, found using the Kolmo-
gorov—Obukhov “two- thlrds rule” [6, 7] from the
expression

W = (g, dy/p)?3, ()

where g, is the rate of energy dlsepatlon in the
mixing chamber of the jet apparatus (W m- ) andpis

the continuous phase density (kgm™).

For a cylindrical mixing chamber, the &, value is
defined as the rate of hydraulic loss of the flow energy
for friction against pipe wals [1, 8]:

pV
g = A zg’ , 6)

where A is the hydraulic friction coefficient; v,
veIOC|ty of the two-phase flow in the mixing chamber
(ms™); D, the mixing chamber diameter (m).

The hydraulic friction coefficient can be found for
a two-phase flow from the known expressions [5, 9].

Mass transfer across the phase boundary from the
gas phase to the fluid is described by the material
balance equation [3]

Gy = —PiF(cf - ), ()

where G, is the flow rate of the gas-phase component
bei ng absorbed (kg s~ ) F, the phase boundary area
(m?); cf, the equilibrium concentration of the gas
phase component in the fluid at the phase boundary
(kgm™ ) ¢, the concentration of the gas-phase com-
ponent in the fluid core (kg m™).

It has been noted [3, 4] that gas absorption is the
most effective in the case accompanied by an irrevers-
ible instantaneous chemical reaction between the gas-
phase component and absorbent, dissolved in a fluid.
In this case, the concentration of the gas-phase com-

ponent in the core of the fluid flow, ¢, is zero, and
the driving force of the mass-transfer process is the
highest. In this connection, calculation of jet absorbers
for fast isotherma chemisorption is considered addi-
tionaly in what follows.

In general form, the rate of mass transfer is defined
by the differential equation

dv,c dc av
9-g g g
G, = =V,—/ +C , 8
g dt 9 ok 9 th ®
where Vg is the volume of the gas being absorbed

(m3) and Cy Is the concentration of the component
being absorbed in the gas phase (kgm™).

Of interest for experimental verification of the ap-
propriateness of the approach proposed are two ex-
treme cases of the mass-transfer process: (1) gas mix-
ture is 100% composed of gases that can be absorbed
by the absorbent and (2) the absorbable gases consti-
tute a lesser fraction of the mixture.

As shown in [1], absorption in a jet apparatus is
a complex phenomenon involving simultaneously oc-
curring processes of dispersion, coalescence, and
mass transfer in a dispersed system. Coalescence |leads
to an increase in bubble size in the course of their
residence in the mixing chamber of the jet apparatus,
whereas mass transfer acts in the opposite direction. If
the gas phase contains only absorbable gas, the rate of
chemisorption is high. In this case, the change in the
phase boundary area as a result of coalescence can be
neglected and calculation can be done for the case of
dissolution of a single gas bubble by the absorbent. In
another case, when the gas phase contains a large
amount of gases unabsorbable by the absorbent, the
absorption rate should be calculated with account of
the volume content of the gas phase in the emulsion.

In the first case, the concentration of the gas being
absorbed within a bubble remains constant during the
entire time of bubble dissolution in the fluid. The first
term in Eq. (8) is zero, and the mass transfer from the
gas phase into the fluid is accompanied by a changein
the gas bubble volume:

dVy

Gy, = C
9 gd’t?

With the bubble assumed to be spherical, the decrease
in the bubble volume by dV can be expressed via
a decrease in its diameter by ddy:

n(d, — ddy)®

©)

ndg
dVg = Vin - Vfin = 6 -

(10)

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



MASS EXCHANGE IN ABSORPTION IN FLUID-GAS JET APPARATUS 101

On the assumption that dd,, is negligible as compared
to dy,, expression (10) can be simplified to

nd2dd,
0 — (11)

Expressing the phase boundary area in (7) in terms
of bubble diameter and using Egs. (11) and (9), we
obtain an eguation relating the bubble diameter and
the time of its residence in the absorbent:

*

ddj, Ci
dt Cy

(12)

Substitution of the expression (3) for the mass-transfer
coefficient brings Eq. (12) to the form

dd 5
Do 26wl

dt Cy

(13

Integration of Eqg. (13) within the limits from dg to
dy and from O to t yields

3.39(DwW) 2t ct } 23

Cq

d, = [(018)3/2 - (14)

where dg is the bubble diameter at the initial instant
of time (m), and t is the time of bubble residence in
the absorbent (s).

Expression (14) defines the running diameter of
a single bubble composed of an entirely absorbable
gas as a function of the time of its contact with the
absorbent. The time of total dissolution of a gas bub-
ble is given by

(), -
© 7 3300w 2 (1)

The study demonstrated that the sizes of gas bub-
bles in gas-fluid emulsions are not the same, being
described by the corresponding particle size distribu-
tions. In determining the time necessary for gas to be
absorbed in polydisperse emulsions, the maximum
bubble size d,,, Which is stable against the action of
turbulent pulsetlons in emulsion, should be used in
(15) as db In accordance with experimental data,
the maximum bubble diameter is proportional to the
volume surface mean diameter and can be found using
the formula [10]

(16)

where C is the proportionality coefficient.

According to [10], the coefficient C was found to
vary within the range 1.47-2.63 in a study of fluid
emulsions in stirred vessels. In a study of dispersion
and coalescence in a jet apparatus, the average value
of C was 15 [1, 2].

The volume surface mean diameter d3, of bubbles
formed at the initial instant of time in disintegration in
the mixing chamber of the jet apparatus can be found
from the expression [1, 2]

63/5

d, = 1.05 (1 + 99), (17)

p]J582/5

where o is the surface tension (N m‘l) g, the rate of
energy dlsslpatlon in the initial part of the mixing
chamber (W m™); ¢, the volume gas content of the
emulsion.

The rate of energy dissipation can be found from
the expression [1, 2]

pv3d?
g = (
10D3

1 — d¥D%, (18)

where v is the fluid jet velocity at the nozzle exit
(ms?), and d is the nozzle diameter (m).

In the case when the concentration of the com-
ponent being absorbed from the gas phase is low, the
volume of the gas phase in a unit volume of the emul-
sion is virtualy constant and the second term in
Eq. (8) can be neglected. The mass transfer, which is
accompanied by a change in the concentration of
the component being absorbed in the gas phase, is
given by

%
g gd’l:.

(19)

Substitution of (19) into (8) gives the material balance
equation

acy Fcf

———Bf

0 (20)

9

The quantity F/Vg, which determines the ratio of the
phase boundary area to the gas phase volume, is the
specific phase boundary area for the gas phase and is
related to the volume surface mean diameter ds, by

FIVg

= 6/, (21)
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¥
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Fig. 1. Schematic of the experimental setup. For explana-
tions, see text.
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Fig. 2. Mass transfer in a system constituted by CO,
and 3% aqueous solution of NaOH in the form of a criterial
dependence Sh = f(Pel/?).

At a considerable volume content of gas in the
emulsion, the phase boundary area decreases with
time as a result of coalescence. In this case, the quan-
tity d3, in expression (21) varies with the time of
bubble residence in the apparatus in accordance with
the dependence suggested in [1]:

3
oV (eq,/p) e }

22
(03?3 @)

dyp = dgz[l + Kgi

where Ky is the coefficient of collision efficiency
(for the water—air system, Ky = 0.014 [1]).

Thus, in calculating the residence time of bubbles
in the mixing chamber that would be sufficient to
reduce the concentration of the gas being absorbed
to a prescribed level, Eq. (20) is to be solved for
together with expressions (3), (5), and (22).

To verify the validity of our approach to cacula
tion of mass exchange in jet absorbers, we performed
experiments on chemisorption of a totally absorbable
gas.

EXPERIMENTAL

Experiments were performed on a setup shown
schematically in Fig. 1. The setup comprises a vertical
jet apparatus 1 with changeable nozzles and change-
able elongated cylindrical glass mixing chamber, tank
2 for the working fluid (absorbent) with a cooling
jacket, and a centrifuga pump 3. The pipe for gas
supply into the apparatus is connected through a pres-
sure reducer 4 to a cylinder 5 with compressed CO.,.
The flow rates of fluid and gas are controlled with
valves 6 in the fluid and gas pipelines. The flow rate
and pressure of the flows of the working fluid and gas
being gected are monitored with rotameters 7 and
pressure gages 8. To record bubble sizes, the setup is
equipped with a photographic camera 9 and a syn-
chronized flash-lamp 10.

The setup described was used in a study of absorp-
tion in ajet apparatus with elongated mixing chamber.
A vertical jet apparatus had a nozzle 6 mm in diam-
eter and a glass mixing chamber with the diameter of
10 mm and length exceeding 35 chamber diameters.
A 3% agueous solution of NaOH served as working
fluid (absorbent), and pure CO,, as the phase being
absorbed. The gas content of the emulsion in the ex-
periments did not exceed 0.1. The bubble size was
determined by taking photographs at the main part of
the mixing chamber at a distance of 50 to 800 mm
from the nozzle exit.

The photographs taken were used to determine the
volume surface mean diameter of bubbles. With
the flow velocity in the mixing chamber known, the
residence time of bubbles in the absorbent and ex-
perimental values of the mass-transfer coefficient were
caculated from the variation of bubble sizes with
time, using expression (12). The diffusion coefficient
was calculated by the Arnold formula [3, 4].

The results of experiments on mass exchange in a
jet absorber are represented by points in Fig. 2 in the
form of acriterial dependence Sh = f(Pe1/2). The solid
line shows the data obtained by calculation with ex-
pressions (4)—(6). The results of the experiments are
described by expression (4) with the maximum devia-
tion of +10%. The rather good agreement between the
experimental and calculated data demonstrates the ap-
plicability of our approach to calculation of the mass-
transfer coefficient in jet apparatus with elongated
mixing chamber under chemisorption conditions in
terms of the Higby model, with averaged difference
of the velocities of turbulent pulsations on the bubble
scale used as the relative velocity of bubble motion.
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The results of the experiments demonstrated that,
for the largest CO, bubbles to dissolve, it suffices that
the mixing chamber length should be 1 m at avelocity
of the two-phase flow in the mixing chamber equal

to 1.5 mst.

Our results alow calculation of the geometric
dimensions of absorbers based on jet apparatus with
elongated mixing chamber. A hydrodynamic calcula-
tion can be done to determine the optimal size (diam-
eter) of the nozzle and the mixing chamber and to
choose the optimal flow rates of the fluid and gas
phases and the injection coefficient with the use of
expressions proposed for calculation of hydrojet
pumps [11, 12]. The parameters obtained are used as
input data for a mass-exchange calculation, which,
carried out using expressions proposed in [1, 2],
yields the phase boundary area and, with expressions
(15) and (20), the residence time sufficient for total
absorption of a noxious gas or for lowering its con-
centration in the discharge to below the maximum
permissible concentration. The residence and the flow
velocity in the chamber can be used to determine
the length of the mixing chamber, which may have
smooth cylindrical or stepped shape.

The results obtained were employed to design a jet
absorber used in an industria installation for purifica-
tion of gas discharges formed in synthesis of ethyl
a-bromoisovaerate. The installation comprises a jet
apparatus, a tank for absorbent, and a centrifugal
pump. The jet apparatus, which is made of fluoro-
plastic, has a nozzle 1 of diameter 16 mm and an
elongated cylindrical mixing chamber 2 of diameter
38 mm and length 800 mm (Fig. 3). The exit from
the mixing chamber is turned by 90° with respect to
the axis of the mixing chamber to create a counter-
pressure.

The chemical reactions occurring in synthesis of
ethyl a-bromoisovalerate yield hydrogen chloride,
hydrogen bromide, and sulfur dioxide. In addition, the
heating in the course of the reaction leads to evapora-
tion of minor amounts of the reactants and liquid reac-
tion products, which are aso noxious. The purifica-
tion of gas discharges is carried out continuously
during the entire synthesis process. The degree of
purification of gas discharge at the apparatus outlet is
about199.9%, which conforms to the sanitary regula-
tions.

1 The absorption installation based on a jet apparatus with
elongated mixing chamber, described in this communication,
has been working at Altaivitaminy Private Company (Biisk)
since 1997.

.O/b?‘
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Fig. 3. Diagram of jet apparatus with elongated mixing
chamber: (1) nozzle, (2) mixing chamber, (3) gas feed pipe,
(4) receiving chamber, and (5) drain tube.

CONCLUSIONS

(1) An approach to calculating mass exchange in
absorption in jet apparatus with elongated mixing
chamber is suggested.

(2) Expressions for calculating the absorption rate
are suggested.

(3) The expressions have been verified experi-
mentally under conditions of chemisorption of atotal-
ly absorbable gas.

(4) An absorption installation based on a jet ap-
paratus with elongated mixing chamber has been
designed and put into industrial service.
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Abstract—A procedure was developed for preparing 1-adamantanecarboxylic acid esters functionally substi-

tuted in the acoholic moiety.

Compounds of the adamantane series exhibit high
and diverse biological activity. Effective drugs based
on adamantane have been developed, such as Midan-
tane, Memantine, Gludantan, Remantadine, and Ada-
promine [1]. Some of adamantane derivatives exhibit
antiviral, curare-like, myorelaxing, anti-choline este-
rase, psychostimulating, neurotropic, and local anes-
thetic activity [2]; compounds with a high surface
activity were also found [3]. The main synthetic route
to adamantane derivatives involves chemical modifi-
catiomn of substituents in the hydrocarbon frame-
work. Nitrogen-containing adamantane derivatives
have been studied most comprehensively [4, 5].

One of promising routes to new adamantane-con-

+
COClI

', Xtt,

Me ~H Me —~H
W/ I, Py e
OH Ad-1
[l
O

i X1V

1-Ad” ™0

6 4
Me I, Py 5
\MOH\<Me — 7 \1%?\(
3
Me
\%
XVI

F)y
H—=—-+(CH,),OH — H __:(CHZ)rp
lla-llc

taining biologically active compounds is preparation
of esters. In this case, it is possible to combine in one
molecule an adamantane moiety with other functional
groups, eg., aromatic, acetylenic, or bicyclic [6].

Here we report on a new convenient route to func-
tionally substituted esters of 1-adamantanecarboxylic
acid, involving the reactions of 1-adamantylcarbonyl
chloride | with alcohols I1-XI1 in diethyl ether in
the presence of pyridine [7]. Esters XI11-XXIIl are
formed under mild conditions (room temperature). No
prolonged stirring, hesting, or precipitation is re-
quired; the reactants can be mixed in any order. The
reaction, performed in sealed vessels, is complete in
24-36 h; the yield of esters is 65-83%.

|
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@ - @ @” -
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X1

XXII

Primary alcohols (I1a-11c, 1X), secondary alcohols
(I1=VI11), and phenols (X-XI1) are readily esterified
with chloride I. Dihydric phenols X and XI form
momoesters only, even at the reactant ratio | : (X or
X1) = 3: 1. Tertiary alcohals (e.g., 2-methyl-2-prop-
anol or 2-methyl-3-butyn-2-ol) do not form the corre-
sponding esters even under severe conditions (pro-
longed refluxing in dioxane at 100-102°C in the pres-
ence of pyridine).

1-Adamantanecarboxylic acid esters are colorless
viscous liquids (XII1a, XVb, XVI) or crystaline sub-
stances (XI11b, XlIllc, XIV, XVa, XVII-XXII); their
characteristics are listed in the table.

The IR and NMR spectra of the synthesized esters
are consistent with their structure. The IR spectra
contain stretching vibrati on bands of the C=0 (1727+
5; for XXI11, 1742 cm™Y) and C-O (1225+15 and
1070+15; for XXI111, 1290 and 1155 cm™ ) groups.
The spectra of acetylenlc derivatives Xl Ila-XlI1lc and
X1V dso contain absorptlon bands at 3280+25
(=C-H) and 2150+15 cm* (C=C). Aromatic esters
XXI-XXI1I exhibit C-H absorption bands at 3090,
3070, 3030+5; 858, 777, 767, and 680 (XXI); 830
and 800 (XXI1); 865 and 785 cm ™t (XXI11), and also
the bands belonging to the aromatic ring at 1604 and
1487 (XXI) 1600 and 1511 (XXII); 1601, 1593, and
1509 cm™ (XXI111). The spectra of phenols XXI and
XXI1 contain O—H absorption bands at 3375 (XXI)
and 3445 cmt (XXI1), and aso C-OH bands at
1065+5 cm™L. The IR spectrum of aromatic methoxy
aldehyde XXIII contains the bands of the HC=0O

OH O
Ko Q
N0 d ©\OH OH
XX

O

VI

Ad-1
@(HOY
(@)

ﬁAd-l

[, Py

X XXI
oj?\Ad-l
~Me

/7,
0" xxill

(1697 cm™Y) and C-O-C (1110 cm™Y) groups.

The 1H NMR spectra of al the esters X111-XXI11
contain multiplets at 1.6 (6H), 1.9 (6H), and 2.1 ppm
(3H), typical of 1-substituted adamantane derivatives.
Compounds XIlla-XlIIc and XIV containing termi-
nal acetylenic groups also give a proton signal at
2.0-2.4 ppm. The CH,0 proton signals in the spectra
of XIlla-XIllc and XX are observed at 4.1 ppm, and
in esters XV-XI1X derived from alicyclic acohols the
a-CH proton in the acoholic residue gives a signal at
4.7-4.9 ppm. The spectra of these esters also contain
signals characteristic of cyclohexane (XV), menthane
[XVI; a doublet of the ct —CHg protons at 0.74 ppm
(33 1.6 Hz) and a doublet of two methyl groups in the
isopropyl substituent at 0.94 ppm ( J 6.7 Hz)], and
camphane [XVII, XVIII; singlets of three methyl
groups at C! (0.8 ppm) and C’ (1.0 ppm) atoms]. The
aryl protons in XXI-XXIIl are manifested at 6.4-
7.5 ppm. Also, the spectrum of XXIII exhibitsa CHO
singlet at 9.9 ppm and an OCHg singlet at 3.9 ppm.

EXPERIMENTAL

The IR spectra were recorded on a Protege-460
IR Fourier spetrophotometer (Nicolet) from th|n films
(XI1la, XVb, XVI) or KBr pellets. The 'H NMR
spectra were recorded on a Tesla BS-567A spectrom-
eter (100 MHz) from 5% solutions in CDCl3, with
TMS as interna reference.

The molecular weight was determined by cryos-
copy in benzene.
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PREPARATIVE SYNTHESIS OF FUNCTIONALLY SUBSTITUTED ESTERS 107
Properties of esters XIII-XXIII
Found, % Calculated, %
Ester | Yield, % | mp, °C Formula
C H C H found calculated
1.0791*
Xllla 79 15060 77.28 856 |[Ci4H150, 77.03 8.31 214.1 218.3
Xlllb 77 48-49 77.84 8.95 |[Cy5H,500, 77.55 8.68 225.8 232.3
Xlllc 83 56-57 78.44 919 |[CygH,,0, 78.01 9.00 239.0 246.3
XV 81 46-47 77.93 8.90 |[Cy5H500, 77.55 8.68 227.4 232.3
XVa 70 29-30 78.13 10.18 | Cy7H50, 77.82 9.99 249.3 262.4
3
XVb 80 igggg 78.45 1041 | CygH,50, 78.21 10.21 262.9 276.4
1.0237*
XVI 78 14990 79.50 10.93 | C,1H340, 79.19 10.76 306.7 3185
XVII 82 176-177 80.03 10.25 |C,1H3,0, 79.70 10.19 303.2 316.5
XVIII 84 145-146 80.01 10.32 | C,1H3,0, 79.70 10.19 308.6 316.5
XIX 72 172-173 80.34 9.85 |[C,H3,0, 80.21 9.62 307.0 3145
XX 82 82-83 80.88 10.12 | Cy3H340, 80.65 10.00 330.1 3425
XXI 65 107-108 75.22 7.65 [Cy7H5005 74.97 7.40 260.4 272.3
XXI1 68 179-180 75.21 7.60 [Cy7H5005 74.97 7.40 262.3 272.3
XXI11 79 118-119 72.71 711 | CygH,,04 72.59 7.05 303.1 314.4

* Numerator, d33; denominator, n&0.
Column chromatography was performed with neu-
tral alumina, Brockmann grade II.

1-Adamantanecarboxylic acid chloride | was pre-
pared by refluxing 1-adamantanecarboxylic acid with
a 1.5-fold excess of SOCI, in benzene [5].

1-Adamantanecar boxylic acid esters XI11-XXIII.
Anhydrous pyridine (3.5 mmol) was added to a solu-
tion of 3 mmol of chloride | and 3 mmol of alcohols
or phenols I1-X11 in 70 ml of absolute diethyl ether.
The mixture was dlightly shaken and allowed to stand
at 18-23°C for 24-36 h. The precipitate of pyridine
hydrochloride was filtered off and washed with 30 ml
of diethyl ether; the combined filtrates were washed
with water and saturated aqueous solution of sodium
hydrogen carbonate. The ether solution was dried over
CaCl,, the solvent was distilled off, and the residue
was dried in a vacuum. Ethers XlIla, XVb, and XVI
were purified by column chromatography on Al,Os3,
eluent hexane. Compounds XIl11b, Xlllc, XIV, XVa,
and XVII-XXIIl were purified by low-temperature
crystallization from hexane.

CONCLUSIONS

(1) Functionally substituted primary and secondary
alcohols and phenols are readily esterified under mild
conditions with 1-adamantanecarboxylic acid chloride
in the presence of pyridine.

(2) Dihydric phenols form monoesters only; ter-
tiary alcohols do not undergo esterification.
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Abstract—Oxidation of sulfides with hydrogen peroxide to sulfoxides and then sulfones was studied. The
conditions optimal for the formation of sulfoxides and sulfones were found.

Oxidation of sulfides with hydrogen peroxide is a
widely used synthetic route to sulfoxides and sulfones
[1]. Although sulfoxides are readily oxidized further
to sulfones, under definite conditions the reaction can
be stopped at the stage of sulfoxide formation. Oxida-
tion of sulfides to sulfoxides occurs at relatively low
temperatures and in short time. The second stage, oxi-
dation of sulfoxides to sulfones, requires higher tem-
peratures and longer time. Sulfones can be prepared
both by direct oxidation of sulfides and by oxidation
of sulfoxides. In some cases, the latter route is prefer-
able, since each oxidation stage can be performed
under optimal conditions; as a result, higher yield and
purity of the target product can be attained [2].

In this work we studied oxidation of dimethyl sul-
fide (DMYS), tetramethylene sulfide (TMS), and petrol-
eum sulfide concentrate (PSC) with hydrogen perox-
ide to the corresponding sulfoxides and oxidation of
these sulfoxides to sulfones.

EXPERIMENTAL

The reaction mixtures were analyzed by GLC with
a Tsvet 4-67 chromatograph [flame ionization detec-
tor; 2100 x 4-mm column; stationary phase 10% poly-
ethylene glycol succinate on Chromaton N-AW-
HMDS, 0.2-0.25 mm fraction, washed with water
and treated with hexamethyldisilazane; carrier gas
nitrogen, GOST (State Standard) 9293-74]. The sta-
tionary phase used retains water and allows determi-
nation of the nonaqueous oxidation products [3].
Analysis conditions: column temperature 140-180°C,
vaporizer temperature 200-240°C, carrier gas flow
rate 40-60 ml min%, sample volume 0.1-0.2 ul.
The component contents were determined by internal

normalization of the peak areas using benzene as ref-
erence. The absolute determination error was 0.4% at
a confidence level of 98%.

The oxidation products of petroleum sulfides can-
not be analyzed chromatographically because of the
low thermal stability of petroleum sulfoxides and high
boiling temperature of the sulfone concentrate ob-
tained from them. Therefore, the content of sulfoxide
sulfur in the oxidation products was determined by
nonagueous titration of the product with a solution of
HCIQO, in dioxane [4], and the content of sulfones, by
IR spectroscopy, from the intensity of the absorption
band of the sulfone stretching vibrations at about
1320 cm! [5]. The concomitant compounds, mainly
sulfoxides, do not absorb in this range. Also, the
content of sulfonic and carboxylic acids was deter-
mined by potentiometric titration [6].

Oxidation was performed as follows. A flask was
charged with a required amount of the starting com-
pound and heated to a required temperature, after
which H,0O, was added. The mixture was heated at
the prescribed temperature with vigorous stirring. The
instant of H,O, addition was considered as the reac-
tion start. After the reaction completion, the flask was
cooled, and samples of the product were taken. The
content of H,O, in the oxidation products was deter-
mined by titration with a KMnO, solution [7]. To
each sample we added MnO, to decompose the un-
changed H,0, and terminate oxidation. After that, the
sample was filtered and analyzed.

Hydrogen peroxide was used as 27.5% (here and
hereinafter, wt %) agueous solution [GOST (State
Standard) 177-88]. TMS and DM S were 98 and 99.5%
pure, respectively. The sulfide concentrate was recov-
ered from the 260-360°C fraction of Arlan crude ail
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OXIDATION OF SULFIDES WITH HYDROGEN PEROXIDE 109

Table 1. Oxidation of DMS to DMSO (t = 10 min)

N o 0
og H,0, : DMS Composition of dehydrated oxidation product, % H,O content in oxidation
L 1 0
molar ratio DMS DMSO DMSE H,0, product, wt %
0 0.75 45 92.6 0.4 0.8 44.5
11 1.2 94.2 12 1.0 45.4
12 0.8 91.5 24 2.2 46.2
5 0.8 4.0 93.7 0.9 11 43.8
1.0 1.0 94.8 3.0 15 45.0
12 0.6 921 35 1.8 46.7
10 0.7 31 92.2 0.8 0.9 44.3
11 0.9 94.2 31 12 46.1
13 0.8 92.0 3.8 1.8 47.2
Table 2. Oxidation of DMSO to DMSF
N o 0
©og H,0, : DMSO . Composition of dehydrated oxidation product, % Aci dity,l vidd of
1 H 1 - 0,
molar ratio DMSO H,0, g KOH | DMSF, %
40 11 20 12 2.3 6.0 48
1.2 25 10 16 6.4 55
13 30 8 16 7.4 62
60 11 15 6 15 6.8 61
12 20 2 15 8.0 68
13 25 2 14 8.4 72
80 11 10 1 0.8 75 68
12 15 - 0.8 8.4 70
13 20 - 0.4 9.2 66

[8]; it contained 8.8% sulfide sulfur and 12.8% total
sulfur and had the average composition Cy4 sHo7 oS

In experiments on oxidation of DMS to dimethyl
sulfoxide (DMSO), we examined the influence of
temperature and H,O, : DMS ratio on the yield of
reaction products (Table 1). Oxidation was performed
at 0.5 and 10°C. The very low boiling point of DMS
(37.2%) caused certain problems. Since the reaction
is exothermic, even at 10°C it is necessary to take
special measures to prevent evaporation of DMS in
the initial oxidation stage. In the range 0-10°C, the
temperature affects the product composition insig-
nificantly; the yield of DMSO is fairly high. The
major influence on the product composition is exerted
by the H,O, : DMS molar ratio. When this ratio is as
low as 0.7-0.8, the products contain a large amount
of unchanged DMS, and dimethyl sulfone (DMSF) is
absent. At the H,O, : DMS molar ratio increased to
1.1-1.2, DMSis fully consumed and DM SF appears.
This fact suggests the consecutive mechanism of

DMSF formation via DM SO. The product obtained by
oxidation of DMS is a transparent aqueous solution.
To isolate DM SO, the oxidation product was heated
a reduced pressure (30—40 mm Hg) on a water bath
(40-50°C) to remove water, after which DM SO was
digtilled in a vacuum (bath temperature 72-82°C,
10-15 mm Hg). The purity of the distilled DMSO

was 99.6%, bp 189°C, n&’ 1.4785, d3° 1.1000.

Found, %: C 30.82; H 7.62; S 41.01.
C,HgOS. Calculated, %: C 30.76; H 7.69;, S 41.02.

Oxidation of DMSO to DMSF was studied at 40,
60, and 80°C (Table 2). The H,0,: DMSO molar
ratio was varied from 1.1 to 1.3, and the oxidation
time, from 10 to 30 min. The oxidation product ob-
tained under the above conditions was evaporated at
700 mm Hg to remove about 30—40% of water. Then
the oxidation product was cooled to 5°C to crystallize
dimethyl sulfone. The crystals were separated, re-
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crystallized from water, and dried in a water-jet-pump
vacuum. The resulting DM SF is a colorless crystalline
substance readily soluble in organic solvents; purity
99.8%, mp 109°C, bp 238°C.

Found, %: C 2559; H 6.36; S 34.02.
C,Hg0,S. Calculated, %: C 2553; H 6.38; S 34.04.

Oxidation of TMS to tetramethylene sulfoxide
(TMSO) was studied at 20, 40, and 60°C (Table 3).
These data show that, after oxidation for 1 h at 20°C,
the content of DMSO in the dehydrated oxidation
products was 94%, and after oxidation for 3 h it
reached 97%. The content of TMSO after oxidation
for 1 h at 60°C was 98%. Thus, oxidation of TMS to
TMSO occurs with a high rate. At al the examined
temperatures, the formation of TMSO is virtualy
complete in 1-3 h. Oxidation occurs in a two-phase
system and is accompanied by a large heat release in
a short time. The reaction mixture undergoes autocata-
lytic self-heating, which results in intense decompo-
sition of excess H,O,. Therefore, H,O, was added
gradually to maintain its optimal concentration in the
mixture in the course of the process.

The oxidation product obtained by oxidation of
TMS under the above conditions is a single-phase
transparent colorless agueous solution. To isolate
TMSO, the oxidation product was treated with MnO,
to remove residual H,O,, heated at reduced pressure
(30-40 mm Hg) to remove water (bath temperature
40-50°C), and vacuum-distilled (bath temperature
140-160°C, vapor temperature 85-100°C, residual
pressure 3-5 mm Hg).

Tetramethylene sulfoxide is thermally unstable. Its
loss in the course of distillation was evaluated from
the decrease in the content of sulfoxide sulfur. The
average loss of sulfoxide sulfur is 3%, which corre-
sponds to 10% loss of TMSO. Under the optimal con-
ditions, the yield of TMSO is 89-91%. The purity of
the distilled product is 99.6%, bp 45°C (3 mm Hg),
nd 15203, d7° 1.1816.

Found, %: C 4572, H 7.83; S 30.5.
C,HgOS. Calculated, %: C 46.1; H 7.7, S 308.

Oxidation of TMSO to tetramethylene sulfone
(TMSF) was performed at 60, 70, 80, 90, and 100°C
(Table 4). The reaction occurs in the homogeneous
system with a lower heat effect and at a lower rate
than oxidation of TMS to TMSO. After oxidation for
8 h at 60°C, the content of TMSF in the dehydrated
oxidation product was 60%, and after oxidation for

10 h, 88%. After oxidation for 5 h at 80°C, the con-
tent of TMSF was as high as 99%. The optimal oxida-
tion temperature is 80-90°C. To attain a high yield of
TMSF, H,0, should be taken in a 35% excess. The
product obtained by oxidation of TMSO under these
conditions is an agqueous solution containing 35-40%
TMSF, 60-50% water, and 4-7% impurities. Tetra-
methylene sulfone is infinitely miscible with water,
forms no binary azeotrope with water, and strongly
differs from water in the boiling point. However,
TMSF cannot be isolated from the oxidation products
by common distillation, since it is thermally unstable
and starts to decompose at temperatures above 170°C,
forming in the presence of oxygen acidic compounds
and condensation products. According to analyses, the
oxidation product always contaions residua H,O,,
which promotes decomposition of TMSF in the course
of distillation to acetic and sulfuric acids. Therefore,
prior to distillation, the oxidation product was treated
with 6% agueous akali to decompose H,0,, after
which it was fractionated on a 2-3-TP batch distilla-
tion column; the temperature in the still was 100°C,
and the residual pressure, 20 mm Hg. TMSF was iso-
lated from the oxidation product in 96% yield and was
99.7% pure.

We aso examined the possibility of recovering
TMSF from the oxidation product by extraction with
organic solvents. The extractant should selectively
recover TMSF with minimal extraction of impurities;
it should be sparingly soluble in water and should
also meet such general requirements as availahility,
stability under regeneration conditions, and low cost
[9]. The best suited are aromatic hydrocarbons, in
particular, benzene. Study of the phase equilibria
showed that, in extraction of TMSF from the oxida-
tion product with benzene, the separation of TMSF
from impurities is fairly efficient; the impurities most-
ly remain in the aqueous phase. Under the optimal
extraction conditions (benzene: oxidation product
weight ratio 2.4: 1, 25°C, six extraction steps), the
recovery of TMSF from the oxidation product is 94—
96%. Digtillation of benzene from the extract was per-
formed at 200 mm Hg. The energy consumption for
distillation of benzene from the extract is much less
than that for distillation of water from the oxidation
product (because of considerably higher heat capacity
and heat of vaporization of water).

Tetramethylene sulfone obtained by this procedure
is a colorless hygroscopic solid (at room temperature)
with pleasant odor, soluble in water, ethanol, benzene,
acetone, and other organic solvents; the product purity
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Table 3. Oxidation of TMS to TMSO (H,O, consumption 1.05 mol per mole of TMS)

N o 0
T o Composition of dehydrated oxidation product, % Acidity, mg KOH per
°C T™MS | TMSO | TMSF unidentified component gram oxidation product
20 1 3.49 94.69 - 1.82 0.24

3 0.86 97.64 - 1.50 0.36

6 0.20 97.97 - 1.83 0.44
40 1 131 06.84 - 185 0.33

3 - 98.48 - 152 0.42

6 - 97.82 - 2.18 0.51
60 1 0.11 98.09 0.15 1.65 0.41

3 - 98.66 0.39 0.95 0.48

4 - 98.69 0.41 0.90 0.61
65 3 - 97.80 1.35 0.75 0.58

Table 4. Oxidation of TMSO to TMSF (H,O, consumption 1.35 mol per mole of TMSO)

Composition of dehydrated oxidation product, %
o ; s Acidity, mg KOH per
T, °C T, h MO S unidentified components gram oxidation product
light* heavy**
60 8 39.30 60.42 0.11 0.17 21
10 11.41 88.23 0.15 0.21 3.7
70 6 2.30 98.10 0.37 0.91 5.2
8 121 99.11 0.30 0.39 4,58
80 5 0.49 97.38 0.19 0.21 5.2
6 0.107 99.22 0.38 0.29 5.94
90 5 0.04 97.38 1.02 1.56 9.8
6 0.08 99.22 0.55 0.15 10.2
100 4 0.07 97.74 0.18 121 10.3
5 0.03 98.20 0.65 112 124

* Retention time in chromatographic column shorter than that of TMSF.
** Retention time in chromatographic column longer than that of TMSF.

is 99.8%, bp 283°C, nZ¥ 1.4812, d3° 1.2644.

Found, %: C 39.92; H 6.64; S 27.21.
C,HgO,S. Calculated, %: C 39.98; H 6.70; S 27.16.

Oxidation of PSC to sulfoxides was performed at
80, 90, and 100°C (Table 5). With increasing temper-
ature, products with SO3H and COOH groups are ac-
tively formed, and the PSC oxidation rate grows. For
example, as the temperature is increased from 80 to
100°C, the acidity of the aqueous phase obtained after
oxidation for 15 min grows from 0.9 to 2.6 g KOH 1=
and the content of sulfoxide sulfur in the oxidation
product increases by a factor of 2. The sulfonic and
carboxylic acids that are formed effectively catalyze

oxidation of sulfides to sulfoxides, as demonstrated
by the example of PSC oxidation in the presence of
butane-, hexane, and p-toluenesulfonic acids and
CH4COOH. Oxidation of PSC in the presence of sul-
fonic and acetic acids occurs with a higher yield of
sulfoxides than oxidation on the presence of only one
of these acids [10]. Sulfones appear in the oxidation
product only after conversion of the major fraction of
sulfides to sulfoxides, whereas acids are formed al-
ready in the very first minutes of oxidation simultane-
ously with sulfoxides. After oxidation, the agueous
and hydrocarbon layers were separated. The hydro-
carbon layer (sulfoxide concentrate) was neutralized
with an Na,COg solution, washed with an Na,SO, so-
[ution, and kept under reduced pressure (80-100 mm
Hg) to remove emulsified and dissolved water.
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Table 5. Oxidaiton of PSC into sulfoxides (H,O, consumption 1.2 mol per mole of sulfide sulfur)

Sulfoxide sulfur

Acidity, g KOH |71

T, °C T, Min in oxidation hydrocarbon phase agueous phase OX'S)m';ng;ﬁgda
product, %
SOzH CO,H SOzH CO,H
80 5 0.9 0.11 0.30 0.45 0.25 10.2
80 15 34 0.15 0.35 0.62 0.30 38.6
90 5 4.7 0.23 0.50 0.45 0.35 534
920 15 6.3 0.25 0.62 0.81 0.40 715
100 15* 6.6 0.20 0.61 2.02 0.63 75.0
100 30** 7.4 0.25 0.80 3.95 0.75 84.0

* 0.8% sulfones.
** 11% sulfones.

Table 6. Oxidation of sulfoxide concentrate to sulfones (H,O, consumption 1.4 mol per mole of total sulfur, 100°C)

-1
o Catalyst, mol mol~ total sulfur Content %j sulfones, Acidity, g KOH I Vi&oit%zf_lzooc’
H,S0, CH,CO,H °
6.0 - - 36.0 6.2 957.6
9.0 - - 44.2 8.2 964.5
5.0 - 0.15 82.7 12.0 14245
6.5 - 0.15 83.8 12.2 1490.0
55 0.1 - 86.3 14.6 1502.28
6.5 0.15 - 88.2 16.4 1610.0
5.0 0.08 0.1 94.0 11.2 1354.3
55 0.08 0.1 95.4 11.0 1360.1
6.5 0.08 0.1 97.0 11.0 1414.0
10.0 0.08 0.1 97.6 11.2 1489.2

The composition of the dehydrated sulfoxide con-
centrate was determined with a Finnigan Type 4021
gas chromatograph—-mass spectrometer (the United
States). Because of the low thermal stability of sul-
foxides, it was impossible to analyze the sulfoxide
concentrate directly. Therefore, the sulfoxides were
preliminarily reduced to sulfides with HI [11]. The
chromatograms and total mass spectra of the initial
sulfides used to prepare sulfoxides and of sulfides
obtained by back reduction of sulfoxides proved to be
identical. Hence, oxidation of sulfides is not accom-
panied by structural changes. The sulfoxide concen-
trate from the 260-360°C fraction of Arlan crude oil
mainly consists of heterocyclic sulfoxides, in particu-
lar, 15-18% monothiacycloakanes, 38-40% dithia-
cycloalkanes, 23-25% trithiacycloalkanes, and 18-
20% tetrathiacycloakanes.

The sulfoxide concentrate also contains unoxidized
sulfides, substituted thiophenes, and hydrocarbons.

The sulfoxide concentrate is a viscous oily liquid
of light yellow color with a weak characteristic odor;
it is soluble in the majority of organic solvents, and
the solubility in water is 7.8 g 1L, The glass transition
point is —67°C. The product starts to decompose at
120-140°C. The sulfoxide sulfur content is 7.4%, and
the total sulfur content, 11%; n&° 1.5092, d2° 1.0195,
M 267, C128H247501 3.

The dependence of the content of sulfones in the
oxidation product as influenced by the amount of acid
catalysts and time of oxidation of sulfoxides to sul-
fones was studied at 100°C (Table 6). It was found
that, in the absence of catalysts, the oxidation is slow.
The presence of acids in the reaction medium also
leads to increased yield of sulfones. As in oxidation
of PSC, in the presence of a mixture of acids the reac-
tion rate and the yield of the target product increase.
For example, when oxidation of the sulfoxide concen-
trate to sulfones is performed for 5-7 h in the pres-
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ence of CH3COOH and H,S0O,, the yield of sulfones
increases to 95-97%. After oxidation in this mode, the
aqueous acid layer was separated after settling for
30 min. The oxidation product was washed with water
to remove traces of acids, dried in a water-jet-pump
vacuum, and vacuum-distilled (1 mm Hg, bath tem-
perature 110-165°C).

The composition of the resulting sulfone concen-
trate was studied by mass spectrometry. The sulfone
concentrate is a mixture of various thiacycloakane
1,1-dioxides, aromatic sulfides, and alkylthiophenes;
it is a brown viscous liquid with a specific petroleum
odor, readily soluble in organic solvents and virtually
insoluble in water; n&° 1.4814, d2° 1.0312, total sulfur
content 12.4%, sulfoxide sulfur absent, M 298, aver-
age composition Cy, gHop ¢SO, 4.

CONCLUSION

Theyield of sulfoxides and sulfones in oxidation of
sulfides and sulfoxides, respectively, with hydrogen
peroxide was studied in relation to the reaction tem-
perature, time, and substrate : H,O, ratio. Formation
of sulfoxides occurs under milder conditions and at
considerably higher rates than formation of sulfones.
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Lightfastness of Polymeric Color Filters with Metal-Containing
Dyes and Heterocyclic Azo Dyes as Absorbing Agents
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Abstract—Color filters containing in the cellulose acetobutyrate matrix a combination of a metal-containing
organic dye and an azo dye derived from thiophene or furan were prepared, and their lightfastness was studied.

Polymeric film color filters are widely used in
modern optical devices and well compete with glass
filters, being light, elastic, convenient in service, and
cheap. However, in the lightfastness they are inferior
to glass filters prepared, as a rule, using inorganic
salts and metal oxides. Therefore, one of major prob-
lems in development of film color filters is the choice
of the most lightfast dye formulations. In this case,
either available dyes with a high lightfastness are
used, which is not always possible, or dyes enhancing
the lightfastness of each other are combined.

Y ellow-orange dyes are used in color filters most
widely, both as absorbing agents in cutting filters and
as additives to blue, green, and red dyes for suppres-
sing “parasitic” transmission in the blue range. Such
dyes include monoazo dyes derived from five-mem-
bered heterorings. pyrazole, thiophene, furan, etc. The
lightfastness of these dyes, taken separately, in various
polymeric matrices and their photodecomposition in
binary mixtures with triphenylmethane, anthraguinone,
and azo (derived from benzene) dyes were studied
previously [1-4]. In this work, we studied mixtures of
monoazo dyes of the thiophene and furan series with
metal-containing green and green-blue dyes.

Among numerous azo dyes of the thiophene and
furan series, we chose anthranilic acid and m-xylidine
derivatives I-1V as the most and the least lightfast
dyes, respectively [1, 2], and among hydrophobic
metal-containing dyes, Alcohol-Soluble Blue Z (C.I.
74350) (V) and iron complexes of 1-nitroso-2-naph-
thol (VI1), 1,2-naphthylenediamine (VII), and 1,2-

anthracenediamine (VI111):
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Color filters were prepared on the cellulose aceto-
butyrate base (film thickness 0.15 mm). To obtain the
required spectral characteristic, we studied the spectra
of the dyes in the solvent (chloroform : acetone, 85 :
15 by volume) and calculated the required concentra-
tions of the dyes in the film, taking into account the
thicknesses of the cell and film. We prepared 8 films
with individual dyes |-VIII and 16 films with combi-
nations of one of dyes |-1V with one of dyesV-VIII.

The lightfastness of dyes in films containing indi-
vidual dyes and their combinations was studied in
an installation for accelerated photochemical aging.
Samples were irradiated with a xenon lamp whose
spectrum is the most similar to the spectrum of solar
light. The total irradiation time was 10 h; during this
period, we monitored photochemical degradation of
dyes by recording at regular intervals (15 and 30 min;
1, 2, 3, ..., 10 h) the electronic absorption spectra of
the film against the colorless cellulose acetobutyrate
film sample irradiated under the same conditions.

As analytical wavelength we chose A, Of the dye
absorption. In films with binary dye formulations, we
first measured the optical density at the anaytica
wavelength of the metal-containing dye and then cal-
culated the optical density originating from the hetero-
cyclic azo dyes as the difference between the meas-
ured optical density at the anaytica wavelength of
the yellow component and the optical density at the
same wavelength, generated by the metal-containing
dye. Then we caculated separately the degrees of
photodegradation (PD, %) of the yellow (azo dyes
derived from thiophene and furan) and blue-green
(metal-containing dyes) components:

Dy - D
0 100%,
Do

PD =

where Dy, is the optical density of the nonirradiated
sample at the analytical wavelength and Dy is the opti-
cal density at the same wavelength after irradiation for
time t.

Data on photodegradation of films containing indi-
vidual dyes and their binary mixtures were analyzed
to reveal the effect of the dyes on the lightfastness of
each other. For this purpose, we determined the differ-
ence APD in photodegradation of the dye in the indi-
vidual (PD;) film and binary formulation (PDy):

APD = PDI - PDf

Photodegradation of individual yellow monoazo
dyes derived from thiophene and furan was studied

Table 1. Photodegradation of azo dyes |-V in cellulose
acetobutyrate films using mixtures of dyes 1-1V with
metal-containing dyes V-VIII (irradiation for 1 h)

PD APD
Dye
%

| +V 21.1 +2.9
| +VI 17.3 +6.7
| +VII 16.0 +8.0
| +VIII 20.2 +3.8
In+V 92.0 -3.0
I+ VI 16.2 +72.8
I+ VIl 29.9 +59.1
I+ VIl 42.1 +46.9
" +v 12.8 +2.2
I+ Vi 16.0 -1.0
I+ Vil 3.0 +12.0
M+ VIl 8.1 +6.9
IV +V 62.0 +8.0
IV + VI 7.8 +62.2
IV + VIl 52.1 +17.9
IV + VIl 60.3 +9.7

previousdly [4]. Data on the photodegradation of dyes
after irradiation for 1 h are compared in Tables 1
and 2. This irradiation time allows comparison of our
data on the metal-containing dyes with available data
for other dyes [2-4].

These data alow the following conclusions.

(1) The lightfastness of azo dyes derived from
thiophene and furan, as a rule, increases when these
dyes are used in combination with metal-containing
organic dyes. The effect of metal-containing dyes is
more pronounced with less lightfast dyes derived from
m-xylidine. The lightfastness of dyes derived from
anthranilic acid, which are more resistant to photo-
chemical degradation, increases also but to a lesser
extent. It is advisable to use dyes based on m-xylidine
in combination with VI, and dyes based on anthranilic
acid, in combination with VII.

(2) Metal-containing organic dyes V-VIII, when
taken separately, exhibit considerably higher lightfast-
ness than heterocyclic dyes, when used in combina-
tion with azo dyes, dyes V-VIII exhibit either the
same (dye V) or still higher lightfastness. It is interest-
ing that this variation of the lightfastness is indepen-
dent of the structure of the azo dye added (Table 2).
Most probably, this is due to the fact that al the met-
al-containing dyes studied degrade photochemically
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Table 2. Photochemical degradation of metal-containing
dyes V-VIII in acetobutyrate films containing individual
dyes V-VII1 and their binary mixtures with azo dyes -1V
(irradiation for 1 h)

PD APD
Dye
%

Y, 13
VI 2.0
Vil 4.0
VIII 75
V o+ 2.8 -15
V + 11l 19 -0.6
V + 111 15 -0.2
V+ 1V 0.9 +04
VI o+ | 14 +0.6
VI o+ |l 0.2 +18
VI o+ [l 0.2 +18
VI + IV 0.3 +17
VI +1 55 -15
VI +11 25 +15
VI + 111 25 +15
VI + 1V 25 +15
VI +1 0.5 +70
VI +11 0.9 + 6.6
VI + 111 0.7 +6.8
VI + 1V 0.6 +6.9

by the reductive mechanism and, being oxidants,
stabilize azo dyes [2]. Also, in the case of iron qui-
nonimine complexes VII and VIII, heterocyclic azo
dyes, probably, additionally coordinate with the iron
atom, which stabilizes both dyes.

Thus, binary mixtures of heterocyclic azo dyes and
metal-containing organic dyes are good absorbing
agents for polymeric film color filters, since they
enhance the lightfastness of each other. In preparing a
filter with required spectral characteristics, it is always
possible to choose a pair of dyes ensuring the maxi-
mal lightfastness of the filter.

EXPERIMENTAL

Heterocyclic monoazo dyes were prepared by pro-
cedures described in [1], and dyes VI-VII1, according
to [5-7]. Commercially produced Alcohol-Soluble
Blue Z dye (Blue for Nitrolacquer) was purified by
column chromatography on silica gel, eluent ethanol.

Polymeric film color filters on cellulose acetobuty-
rate base were prepared by casting the polymeric for-
mulations containing appropriate dyes onto polished

glass with a restricting frame determining the filter
size [4].

The lightfastness of color filters in the polymeric
matrix was studied in a Standard Xenon Long-Life
Fade Meter XFL-1 installation for accelerated photo-
chemical aging [2]. The progress of photodegradation
was monotored spectrophotometrically at the analyti-
cal wavelength with an SF-16 spectrophotometer. The
spectra were recorded against a colorless acetobutyrate
film irradiated under the same conditions.

CONCLUSION

To obtain lightfast band color filters on polymeric
film base, it is advisable to attain the required spectra
characteristic by using metal-containing hydrophobic
green-blue dyes in combination with monoazo dyes
derived from thiophene and furan.
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Abstract—Diffusion-reduction interaction between microcrystalline cellulose and aqueous solution of AgNO3
was studied in the absence (taking into account the reducing properties of cellulose) and in the presence
of specific reductants. The resulting intercalates of cellulose and zero-valent silver were examined by raster
and transmission electron microscopy. The morphological changes in cellulose after intercalation of silver
nanoclusters as well as the nanocluster size distribution in the cellulose matrix were characterized.

Electron microscopy is widely used to study the
structure of natural materials such as wood and cellu-
lose [1]. Cedlulose interaction with various agents
starts under heterogeneous conditions on its surface
and causes changes in the chemical structure of cellu-
lose and/or in the supramolecular structure of cellular
membranes. This leads subsequently to structura
modification of the entire fiber [2].

Our recent studies concerned preparation and prop-
erties of new metal-containing derivatives of micro-
crystalline cellulose (MCC) [3-7]. Examination by
raster electron microscopy (REM) showed that the
cellulose morphology substantially changed when its
sodium, potassium, and lithium derivatives were
obtained [3, 4]. REM examination aso clearly dem-
onstrated that intercalation of clusters of zero-valent
metals (silver, platinum, paladium) into the cellu-
lose matrix also led to changes in the cellulose mor-
phology. The intercalation procedure affects the
cluster distribution on the fiber surface. The use of
transmission electron microscopy (TEM), a direct
method making it possible to observe the inner fiber
structure, allowed evaluation of the size and distribu-
tion of nanosize clusters not only on the sample sur-
face but also in the bulk [5, 6].

It has been shown [7] that, in cellulose samples
containing silver clusters obtained by various meth-
ods, the silver content on the surface [data of X-ray
photoelectron spectroscopy (XPS)] appreciably ex-
ceeds that in the bulk [data of elemental and X-ray

fluorescence analysis (XFA)]. After intercaation, the
chemical composition of samples changes, with the
decrease in the carbon content corresponding to in-
crease in the silver content.

In this work, using REM and TEM, we made a
comparative study of the initial MCC and the MCC
samples containing silver nanoclusters (cellulose-Ag),
with the aim to elucidate in detail the changes in the
cellulose fiber morphology upon intercalation of silver
clusters and to characterizate the cluster size and size
distribution in the fiber bulk.

EXPERIMENTAL

Raster electron microscopy. Micrographs were
obtained with a LeitzZAMR 1200B raster electron mi-
croscope at 15 kV. The samples were placed in a
special chamber on aluminum supports coated with
carbon and were subjected to spraying in an argon
amosphere using a gold-palladium target. Raster
microscopy was carried out in combination with
energy dispersive X-ray spectral anaysis, which was
performed with the same microscope equipped with
a Kevex 7000 X-ray spectrometer. For this analysis,
the samples placed on carbon-coated aluminum sup-
ports were used without spraying. The electron beam
was focused on the chosen object or point, and meas-
urements were carried out at different magnifications
a 25 kV for 300 s.

Transmission electron microscopy. Samples of
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Table 1. Some characteristics of cellulose-Ag samples containing silver nanoclusters

Sam- Silver content, wt %
ple Reductant | Reduction conditions| Sample color | Silver cluster size
no.* in bulk (XFA)|on the surface (XPS)
1 - - White - - -
2 |Celulose 90-100°C Yellow Small; Agz-Ag;q 0.6 <1.0
3 | NH5-H,0, 70°C Reddish-brown | Small, Agz-Ag;q; 0.6 15
_ Abi000
4 | Cellulose heating Yellow Small; Agz-Agyy 13 12
a 250°C
5 | Glycerol, NH;-H,O |Reddish-brown|Small, big; 6.1 12.6
_ Agz-Ad11; Adiono
6 |” 1,10-Phenanthroline, | Grey-green Giant; Ag> 5000 3.0 4.1
glycerol, NaHCO;,
90°C
7 |NaBH, 90°C Yellow Small; Agz-Adgy 5.3 2.2
8 |” (repeated treatment) | Grey-brown | Giant; Ag > 1000 6.2 2.6
9 [KH,PO,, 90°C Grey Giant; Ag> 10000 7.6 16.5
10 |Hydroqui- " " 34 13
none
11 |NaBH, " Giant

* no. 1, initial MCC; nos. 2-10, cellulose-Ag samples; no. 11, Ag0 sample.

MCC and cellulose-Ag intercalates were dried with
water—ethanol mixtures with increasing content of
ethanol. Then they were placed in a standard spurr
epoxy resin and heated at 70°C. Ultrathin sections
were placed on carbon-coated nets and examined with
a Zeiss EM 10C transmission electron microscope
equipped with an amplifier at 80 kV.

Some characteristics of cellulose-Ag samples are
listed in Table 1. The morphological structure of
MCC obtained from cotton cellulose (CC) somewhat
differs from that of the initia CC. Thus, the main
structural element of CC is afiber having the shape of
a strongly twisted ribbon [8]. The main structural
element in its inner part is the primary wall. Cellulose
of thiswall forms thin fibrils visible under the polariz-
ing microscope or after dyeing with certain dyes.

(b)

Fig. 1. REM micrographs of MCC sample (sample no. 1):
(@) general fiber view, magnification 5000; (b) butt part,
magnification 3000.

Fibers located in the primary wall form a typical sur-
face relief with a helical fibrillar structure. This relief
is retained in MCC (Figs. 1a, 1b, sample no. 1) and
can be clearly seen at high magnification. Fibers 10—
20 mm in diameter form long flexible bands. At low
magnification, MCC bands have the shape of short
rodlike particles tending to aggregate.

When MCC is obtained by mild acid hydrolysis of
natural cellulose, its main part (over 90 wt %) does
not dissolve in the hydrolyzing mixture, and the unit
cell of crystalline cellulose is neither destroyed nor
changed [9]. The surface relief of cellulose probably
changes after its hydrolysis and subsequent drying,
leading sometimes to fibril aggregation. However, the
fibers themselves look swollen and porous, which is
especially pronounced in their inner craters (Fig. 1b).

Silver intercalation into the cellulose matrix pro-
ceeds in two stages [5]: diffusion of the agua complex
[Ag(H,0),]" into the cellulose matrix and reduction
of silver ions to zero oxidation state. These stages
mostly occur simultaneously. Cellulose itself exhibits
reducing properties because of the presence of ter-
minal adehyde groups. Therefore, ionic silver can be
reduced to zero-valence state without adding specific
reductants. Sample no. 2 obtained in this way contains
a very small amount of AgO. Nevertheless, it is suf-
ficient to change markedly its morphological structure
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as compared to that of the initial cellulose. Large
cracks appear on the fiber surface and on butt ends.
Inner voids swell and become deeper, and large pores
with the diameter ranging from 0.1 to 1.0 pm can be
observed inside the fiber (Fig. 2a).

The reaction medium strongly influences the reduc-
ing power of cellulose. Sample no 3 obtained in
agueous ammonia contains more Ag on the fiber sur-
face than sample no. 2. However, the amount of Ag®
is still small and cannot be visualized by electron-
microscopic examination.

Temperature also exerts a pronounced effect on the
redox reaction of cellulose with Ag(l). The reducing
power of cellulose increases after its preliminary heat-
ing a high temperatures. Cellulose heating at 250°C
(sample no. 4) (Fig. 2b) increases the amount of AgP
but considerably alters the morphological structure,
which is due to degradation of inner layers of MCC
fibers. Fibers degrade in the transverse direction.
Many small fibers appear and their shape changes:
the length-to-width ratio is close to unity (Fig. 2b).

At combined effect of elevated temperatures and
complexing medium, the effect of Ag™ reduction with
the cellulose matrix becomes still more pronounced.
For example, the Ag® content on the surface of a sam-
ple obtained in aqueous glycerol medium at heating to
high temperatures is 12.5 wt %, and that in the bulk
is 6.1 wt % (sample no. 5). Aggregations of light-
colored particles located on the MCC fiber surface
(Figs. 3a-3c) are agglomerates of giant silver clusters.
The cluster distribution on the surface where their
concentration is high is irregular (Fig. 3a). The pres-
ence of voids and a large number of thin poresin butt
fiber parts (with the diameter ranging from 0.02 to
0.2 um) suggests that specifically these voids and
pores facilitate penetration of reagents inside the
fibers (Fig. 3b). The energy-dispersive X-ray anaysis
of the sample confirms the presence of silver in fibers
(Fig. 3c) [7]. Silver clusters are strongly bound to the
fiber surface. Their amount does not decrease after
repeated washing with hot water. Silver agglomerates
formed on the surface of MCC fibers during reduction
were compared with the surface of a model sample
of metallic silver powder obtained by reduction of
AgNO3 with sodium borohydride NaBH, (in the
absence of cellulose) (sample no. 11, Fig. 3d). This
comparison shows that they belong to different mor-
phological types and the morphological elements on
the surface of silver powder in the model sample are
much larger than those in sample no. 5.

If the reaction takes place in aqueous glycerol me-
dium in the presence of 1,10-phenanthroline (a com-

Fig. 2. REM micrographs of cellulose-Ag samples: (a) sam-
ple no. 2, magnification 2800; (b) sample no. 4, magnifica-
tion 3000.

Fig. 3. (a=c) REM and (e, f) TEM micrographs of cellu-
lose-Ag sample no. 5 and (d) sample no. 11 (metallic silver

powder): (a) general fiber view, magnification 2000;
(b) butt part, magnification 5000; (c) energy-dispersive
X-ray analysis of silver particle distribution on the fiber
surface; (d) magnification 5000; (e) fiber cross section,
magnification 60000; and (f) longitudinal fiber cross sec-
tion, magnification 14400.

peting ligand), giant silver clusters are obtained in
sample no. 6 (Figs. 4a and 4b). Their concentration
on the surface of MCC fibersis 4.1 wt %, and that in
the bulk is 3.0 wt %. Globular silver particles and
large silver agglomerates can be seen (Fig. 4a). They
are strongly bound to the fiber and are not removed
from the surface even after washing with hot water.
Considerable additional fiber splitting is observed
(Fig. 4b), and a system of pores 0.2-0.6 um in diam-
eter appears inside the fibers (Fig. 4b, lower right
corner).
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Table 2. Characteristics of silver clusters [10-12]

Plasmon line in the diffuse Number x of silver atoms .

Sample: color reflection spectrum, %, nm in clusters Ag, Cluster size
Yellow 440-480 3-11 Small
Reddish-brown 480-490 11-22; 1000 Small; giant
Red 490-500 3000 Giant
Purple-red 500-580 5000 "
Green 590-605 5000-10000 "
Grey - >10000 Giant; colloidal particles

The amount of reduced silver and the size of the
resulting silver clusters in the cellulose matrix strong-
ly depend not only on the reductant type, reaction
temperature, and reaction medium but aso on the
procedures of sample washing and subsequent drying.
Some published data on the relationship between the
number x of silver atoms in Ag, clusters, on the one
hand, and sample color and wavelength A in the dif-
fuse reflection spectrum of silver clusters [10-12],

Fig. 4. (a, b) REM and (c) TEM micrographs of cellulose-
Ag sample no. 6: (a) genera fiber view, magnification
5000; (b) view of degraded fiber part, magnification 5000;
in the lower right corner, sample part with a system of
pores 0.2-0.6 pum in diameter, magnification 6000;
(c) transverse cross section, magnification 30000.

g
Magnification: (a) 2900 and (b) 1600.

on the other hand, are given in Table 2. These data, in
combination with the results listed in Table 1, suggest
that intercalation results in formation of giant silver
clusters as major silver species in the cellulose matrix.
Moreover, the color of many samples after reduction
corresponds to that of small silver clusters, but after
drying the samples become darker. Cluster growth is
evidently initiated by the temperature effect during
sample drying. For example, sample no. 2 having
alow silver content is yellow immediately after reduc-
tion but becomes grayish-green after drying. In other
words, the resulting sample contains a mixture of
silver clusters of different size ranging from very
small to giant.

The use of specific reductants gives MCC samples
with a high Ag® content both on the fiber surface and
in the bulk. The largest amount of reduced silver
in cellulose samples was obtained with NaBH, or
KH,PO, used as reductants.

With NaBH,, only small silver clusters were ob-
tained in the cellulose matrix (Table 1, sample no. 7).
The amount of intercalated silver attains 4.9 (ele-
mental analysis) or 5.3 wt % (XFA). Repeated reduc-
tion with NaBH, leads to additional growth of silver
clusters and to the appearance of large cluster ag-
glomerates on the surface (Fig. 5a, sample no. 8). The
sample surface and fiber ends swell, and fibers addi-
tionaly degrade. The cracks and bresks formed are
paralel to fibril direction (Fig. 5b).

When KH,PO, was used as a reductant, a sample
with a high silver content on the surface (16.5 wt %)
was obtained (Fig. 6a, sample no. 9). Giant silver
clusters were formed. A strong destructive effect
was detected on butt ends of greatly swollen fibers
(Fig. 6b). The inner surfaces of voids also markedly
swell and stick together. This probably prevents pene-
tration of reagents inside the fibers. Helical fibers aso
appear. A similar effect has already been observed
in cotton fluff nitration [2].
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With hydroquinone as reductant, 3.4 wt% of
Ago with the average silver content of 300 atoms per
cluster is intercalated into the cellulose matrix in
the first stage (sample no. 10) [7]. As the reduction
proceeds further, cluster continues to grow, with its
size reaching 1000 and more atoms. When the reac-
tion is complete, subsequent cooling and drying
lead to the closure of butt end passages (Fig. 7a).
Silver clusters are weakly bound to the fiber surface.
Thorough washing causes their complete removal.
The surface relief (Fig. 7b) resembles that of the cellu-
lose sample subjected to thermal treatment. Regular
crack distribution after silver removal probably indi-
cates that clusters (before their removal) were regular-
ly distributed in fibers. The distance between cracksis
a multiple of 10, being mainly 10 or 20 pm. These
data confirm previous results, which indicate that cel-
lulose fibers contain periodical structural elements
formed by a fibrillar ribbon twisted in a helix [13].
A similar pattern, as indicated by REM, is observed
in cellulose nitration [2].

When viewed under a transmission electron mi-
croscope, fibers of the initial MCC have a shape of
cross sections. The presence of Ago clusters in fibers
of cellulose-Ag intercalates was first visualized by us
using TEM (Figs. 3e, 3f, 4c, 6¢).

The micrographs of sample no. 5 (Figs. 3e, 3f)
show spherical silver particles distributed relatively
regularly in the sample bulk. This distribution is re-
tained regardless of the method of fiber preparation
for microscopic examination (Fig. 3e, fiber section
transverse to its axis, Fig. 3f, fiber section along the
axis). Large agglomerates of silver clusters are also
located on the fiber surface. These conclusions agree
with data obtained by REM and XPS. The histogram
of numerical size distribution of silver clusters ob-
tained by statistical processing of micrographs has a
single maximum, i.e., the distribution is unimodal
(Fig. 8). The calculation based on the histogram of
the root-mean-square diameter distribution of silver
clusters dg shows that most of the clusters have the
diameter less than 30 nm. The area occupied by silver
clusters in the fiber section is about 4% of the total
section area. It was established that the cluster distri-
bution in these fibers exhibits certain regularity. The
greatest number of clusters is on the surface. With
increasing distance from the surface, it gradually
decreases, with this decrease being described by a
hyperbolic function.

Figure 4c shows the transverse section of fiber
of sample no. 6. In contrast to sample no. 5, the distri-
bution of silver clusters is irregular and bimodal

o .
Fig. 6. (a, b) REM and (c) TEM micrographs of cellulose-
Ag sample no. 9. Magnification: (a) 3000, (b) 2000, and
(c) 60000.

Fig. 7. REM micrographs of cellulose-Ag sample no. 10.
Magnification: (a) 1600 and (b) 2600.
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Fig. 8. Histogram of numerical silver cluster size distribu-

tion in a cellulose-Ag sample (no. 5) according to TEM

data: (n) number of nanoclusters and (d) their diameter;

the same for Fig. 9.

with the maxima corresponding to dg 10 and 60 nm
(Fig. 9). The silver content in the fiber bulk is smaller
than in sample no. 5, which agrees with analytica
data. The area occupied by silver clusters is 1.5% of
the total cross-sectional area
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Fig. 9. Histograms of numerical silver cluster size distribu-
tion in cellulose-Ag samples according to TEM data
Sample no.: (a) 6 and (b) 9. For designations, see Fig. 8.

Silver clustersin sample N 9 (Fig. 6¢) are large and
are also concentrated both on the surface (16.5 wt %)
and in the fiber bulk (7.6 wt %). In some places on
the surface they form giant agglomerates. The cluster
distribution is unimodal. However, it is not so regular
as that in sample no. 5 (Fig. 8), and the average
cluster size is 1.5-2.0 times greater (Fig. 9b). The dg
value for the maximum number of clusters is 48-
58 nm. The area occupied by them in the fiber cross
section is 5.1% of the total cross-sectional area

Thus, the observed silver clusters in the samples
have different sizes but can be characterized as nano-
clusters. Note that the resolution of the transmission
microscope used in this study does not allow observa-
tion of clusters smaler than 1 nm. Smaller clusters
probably also exist in the samples. However, it may
be assumed that the histograms reflect the real distri-
bution patterns.

It should be emphasized that the use of high-resolu-
tion TEM allowed the first observation of intercalated
silver nanoclusters directly in the cellulose matrix
bulk and the characterization of their size and size
distribution. The use of mutually complementing
REM and TEM methods also furnished detailed in-
formation about changes in the MCC morphology ac-
companying intercalation of silver clusters. The main
changes are observed on the surface of MCC fibers,

because diffusion of reagents and reduction of silver
ions occur under heterogeneous conditions. Thus,
on the surface the texture changes: fibrils become
disordered, reconstructed, and in some cases the
surface becomes completely smooth. In many cases
fibers become curved and twisted. Moreover, REM
examination furnished additional information about
inner fiber layers. Intercalation leads to the degrada-
tion of these layers, making the inner surface open.
The butt ends of fibers are often open for observation,
and thin pores appearing as a result of chemica proc-
esses can be seen.

CONCLUSIONS

(1) The diffusion-reduction interaction of micro-
crystalline cellulose with aqueous AgNO3 solutions
directly in the cellulose matrix and in the presence of
NaBH, and KH,PO, reductants was studied by REM
and TEM, which allowed visualization of intercalation
of zero-valent silver nanoclusters into the cellulose
matrix.

(2) Morphological changes in cellulose both on the
fiber surface (fibril disordering and crack formation)
and in the inner layers (distribution of inner voids
and appearance of a pore system) were compared and
characterized.

(3) Nanocluster sizes and their distribution in the
matrix were characterized; it was shown that these
parameters depend on the reduction conditions and
on particular reductant.
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Abstract—IR and X-ray photoelectron spectra of the products of chemical carbonization of polyvinylidene

fluoride were recorded and discussed.

Synthesis of high-quality carbyne which is a uni-
dimensional modification of carbon is an urgent prob-
lem. These are severa chemical methods for preparing
carbynoid materials! in the form of powders, fibers, or
films [1]. One of the simplest procedures for prepar-
ing carbynoid materials is chemical dehydroha ogena-
tion of some halogen-containing polymers [1]. To
determine the prospects for practical application of
carbynoids, their structura stability and properties
should be studied.

In this work the dehydrofluorination products of
polyvinylidene fluoride (PVDF) films were studied
by IR and X-ray photoelectron (XPE) spectroscopy.
We studied two sample series chemicaly treated
under different conditions. The first series was ob-
tained by treatment of the initial PVDF films at room
temperature for a time from 2 min to 2 h with a mix-
ture of a saturated ethanolic solution of potassium
hydroxide (20%) and acetone in a 1 : 9 volume ratio.
The samples of the second series were treated for a
time from 10 min to 16 h with a mixture of saturated
ethanolic solution of potassium hydroxide and tetra-
hydrofuran (THF) in a 2: 3 ratio. Then the samples
were successively washed with ethanol, acetone, and
water. No additional treatment was performed.

The IR absorption spectra were recorded in the
range 400-4000 cm™ a room temperature on a

1 Carbynoids are carbon macromolecular compounds having
mainly chain structure and containing carbyne [polyyne
or(and) cumulene] fragments along with defective liner carbon
chains [interchain cross-linking, heteroatom substituents
(atoms and groups), etc].

double-beam Specord 75-IR spectrometer. The stan-
dard spectrometer error in the rang&s 400-2000 and
2000-4000 cmt is +1 and +2 cm™L, respectively.
The shapes of the spectra are weII reproduced. In the
far IR region (400-1200 cm™Y), we failed to record
the IR spectra owing to strong absorption of C-F
bond at the film thickness of about 0.1 mm.

The X-ray photoelectron spectra were recorded on
an ES IFM-4 spectrometer [2]. Two coaxial cylindri-
cal coils producing magnetic filed with required con-
figuration along the photoelectron beam were used as
the energy analyzer. The transmission energy was
320 eV. The residual pressure in the vacuum chamber
was no higher than 10°° mm Hg. Photoelectrons
(E 1486.6 eV) were excited with AIKOL1 5 radiation.

The IR spectra of the partially dehydrofluorinated
PVDF films of the first series are shown in Fig. 1,
and those of the initial PVDF film and the films of
the second series, in Fig. 2. The shape of the spectra
in the 1500-4000 cm™t range strongly depends
on the treatment time, with the spectral transforma-
tions being more pronounced after prolonged dehydro-
fluorination. This may be due to a change in the con-
centrati on of the double carbon-carbon bonds (1500—
1800 cm™ )[1 3], water moIecuIes(l?OO 3400 cm™ )
[4], CH bonds (2900 3100 cm™ ) [3], hydroxy groups
(3000~ 3700 cm- ) [5, 6], and HF molecules (3000—
4000 cm™ ) [5]. In addition, the absorption in the
range 2200-3700 cm™ increases after the treatment.

The fact that the band in the range 15001800 cm™t
grows with the treatment time is likely due to an in-
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crease in the number of conjugated double carbon-
carbon bonds [1]. A weak band at 1720 cm™ in the
spectra of al the films indicates the presence of car-
bonyl groups in small amounts [3, 4]. This band ap-
pears as a shoulder on the main band in the range
15001800 cm* and does not contribute to the in-
tensity of this band. Probably, the carbonyl groups
were formed in the course of film preparation by heat-
ing of a PVDF solution in DMF on a support [7].
These groups can behave as local initiators of dehy-
drofluorination [7].

It should be noted that water molecules can con-
tribute to the absorption in this range. At first glance,
thisisindicated by a strong increase in the absorption
in the 3200-3700 cm™ range with the treatment time.
However, the increase in the intensity of the band in
the range 1500-1800 cm™ 1 does not correlate wrth
that of the band in the range 3200-3700 cm™L: the
maximal growth of the first band is observed in the
first dehydrofluorination steps when the intensity of
the second band remains virtually the same. Thus, the
absorption of water molecules in the first examined
range is negligible.

The absence of the band at 2175 cm™ indicates
the absence of triple carbon-carbon bonds in the films
[3]. The presence of double bonds and the absence of
triple bonds in the films would indicate formation of
—(-CH=CF-)— intermediate in the first dehydrofluo-
rination step. Finally, in this step the hydrogen and
fluorine concentrations decrease approximately by half
as compared to those in the initial film. Hence, the
fluorine content in these films should not be lower
than a half of the carbon content. To confirm this as-
sumption, we studied the XPE spectrain a wide range
of binding energies for the samples of the first and the
second series treated for 2 and 16 h, respectively.
The spectra were recorded 2 months after dehydro-
fluorination. In both cases, fluorine and oxygen were
detected, along with carbon, on the sample surface.
The fluorine and oxygen concentrations were deter-
mined relative to the carbon concentration by the con-
ventional procedure [8] taking into account the photo-
ionization cross sections, sample thickness, and trans-
mission function of the spectrometer. The oxygen
content in the samples was about 20 and 16 at. %,
respectively. The fluorine content (23 and 28 at. %,
respectively) was appreciably lower than the expected
values. Probably, this fact does not prove formation of
exclusively the cumulene structure after the treatment
and may be a result of a lower fluorine concentration
in the surface layer as compared to the deeper layers
inaccessible for XPE analysis. At the same time, the
absence of triple carbon-carbon bonds may be due to

Iy

155

2000 4000 v, cmt

Fig. 1. IR spectra of PVDF films dehydrofluorinated for
(1) 2, (2 8, (3) 25, and (4) 45 min (first series). (Ig) Ab-
sorption and (v) wave number; the same for Fig. 2.

Iy

2000 4000 v, cmt
Fig. 2. IR spectra of (1) the initial PVDF film and the
products of its dehydrofluorination for (1) 10, (2) 60, and
(3) 100 min (second series).

strong interchain cross-linking and oxidative de-
gradation of carbynoid fragments (both polyyne and
cumulene) on storage:

L L

Storage in air

¢
S

This assumption is confirmed by the fact that the
films lose flexibility and are destroyed on prolonged
storage.

The XPE spectra of the films were repeatedly re-
corded 7.5 years after their treatment. We failed to
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290 310 E, eV

Fig. 3. XPE spectra (range of carbon inner electron shell)
of a carbynoid film of the second series dehydrofluorinated
for 16 h, recorded in (1) 1994 and (2) 2001. (I) Intensity
and (E) binding energy.

record the spectra of the first film since it completely
degraded to a fine powder. The second film was
broken down into large fragments which were glued
without gaps on an adhesive tape. When the spectra
were recorded (~335 min), the relative oxygen and
fluorine concentrations monotonically decreased from
22 to 14 and from 9.4 to 6.4%, respectively. Thus,
during storage of the samples, the oxygen content in-
creased and the fluorine content appreciably de-
creased. Furthermore, the film was defluorinated when
the XPE spectra were recorded. Defluorination of the
samples stored for 7.5 years is aso confirmed by a
change in the shape of the Cls band (Fig. 3): the
intensity of the shoulder assigned to the inner electron
shell of the carbon atom of the CF, groups appreci-
ably decreased.

Defluorination of the initial [9] and dehydrofluo-
rinated PVDF films [10] exposed to X-ray radiation
was observed previously. We aso found that the fluo-
rine content in the surface layer of dehydrofluorinated
PVDF films increased during prolonged storage of the
samples, which was due to spontaneous elimination of
hydrogen fluoride from labile groups and its diffusion
from the bulk of the sample to its surface. We failed
to quantitatively characterize this process by the ele-
mental composition of the surface layer due to desorp-
tion of HF from the sample. We suggest that the sur-
face fluorine concentration in the samples dehydro-
fluorinated to a small extent, i.e., with a high initia
fluorine content in the surface layer, will decrease on
prolonged storage. On the contrary, since chemical
carbonization develops in the direction from the sur-
face to the bulk of the sample, prolonged fluorine dif-
fusion form the bulk to the surface of strongly dehy-
drofluorinated samples can increase (as compared to

the fluorine concentration measured immediately after
the synthesis) the fluorine concentration in the surface
layer accessible for XPE analysis.

Two bands in the 2900-3100 cm* range of the
spectra shown in Figs. 1 and 2 and three closely
located bands in this range in the spectra of strongly
carbonized samples are assigned to stretching vibra-
tions of the CH bonds. The intensity of the CH bands
of the samples of both series, dehydrofluorinated
for a short time, is dightly higher than that of the ini-
tial film. As the decarbonization time increases, the
intensity of this band changes nonmonotonically. In
the first series, the overall trend toward a decrease is
more pronounced than in the second series. The non-
monotonic decrease is due to the fact that the contri-
bution of side reactions of nucleophilic substitution of
halide anions with ethoxy anions to the total dehydro-
fluorination changes in the course of the process.
When dehydrofluorination of PVDF film is activated
with acetone, the contribution of these reactions is
lower than in the case when THF is used for this
purpose.

The absorption in the range 2200-3700 cm ™t dso
depends on the dehydrohalogenation time and proce-
dure. We divided this range into regions S; (2200—
2800 cm™) and S, (3200-3700 cmY). Bellamy [6]
assigned the absorption in the first range to vibrations
of hydroxy groups bonded by strong hydrogen bonds.
The bands in the second region were assigned to the
stretching vibrations of OH groups [4]. The formation
of H-bonded hydroxy groups can be semiquantitative-
ly estimated from the ratio of the peak areas in the
first and the second regions (S, /S;). The most reliable
measurements of these areas can be performed for the
highly dehydrofluorinated samples (first series, dehy-
drofluorination time 15-60 min). In thiscase, S,/S; is
almost constant and close to 0.6. This probably indi-
cates that the content of OH groups bonded by strong
hydrogen bonds is appreciable and constant. This as-
sumption is correct a least for the samples dehy-
drofluorinated for a long time.

Formation, accumulation, and transformation of
hydroxy groups is one of the main features of PVDF
dehydrofluorination and aging of the reaction prod-
ucts. Nucleophilic substitution of fluorine atoms with
hydroxy groups occurs most readily in alyl fragments
owing to the effect of alyl activation [11]. This reac-
tion yields reactive hydroxyallyl groups I1. On storage
of the samples, these groups degrade to form HF and
carbonyl groups:
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Since atmospheric oxygen has virtually no effect of
PVDF dehydrofluorination [3], in the course of the
alkali treatment, oxygen-containing groups are formed
mainly by the nucleophilic substitution pathway. Sec-
ondary transformation of hydroxy groups contribute
mainly to the accumulation of carbonyl groups in
the course of sample storage. Thus, transformation of
the broad band in the range 2200-3700 cm™ on stor-
age of the dehydrofluorinated samples may be due to
multistage process involving oxidation, hydrolysis,
isomerization, and(or) tautomerization. In addition, as
the carbynoid structure is formed, the absorption
due to free and localized electrons can appear. To
confirm this assumption, special studies in a wide
spectral range are required.

CONCLUSIONS

(1) Dehydrofluorination of PVDF in the presence
of acetone is more effective than that in the presence
of THF.

(2) The IR spectra of modified polyvinylidene
fluorides contain the bands of C=C, CH, and OH
groups.

(3) The structural differences in the samples dehy-
drofluorinated for different times in the presence
of various activators are preserved after prolonged
storage of these samples in air.

(4) Films of polyvinylidene fluoride and products

OF CARBYNOID FILMS
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of its partia dehydrofluorination eliminate HF in
the course of recording the XPE spectra
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Abstract—Preparation of concentrated solutions of natural silk fibroin in N-methylmorpholine-N-oxide and its
mixtures with protonic and aprotic solvents was experimentally studied. Solutions with the fibroin concentra-

tion of 6 wt% and more were prepared.

Active efforts are made today to develop processes
for producing various materials from wastes of natural
fibers [1]. These processes involve preparation of
working solutions of natural polymers and their con-
version into, in particular, fibers and films. Natural
fibers, e.g., cellulose, can be dissolved without deriva-
tization in tertiary amine oxides [2].

Fibers of polymer blends can be produced from
solutions of proteins such as fibroin of natural silk.
These fibers are characterized by improved hydro-
philicity, dyeability, folding resistance, etc. Dissolu-
tion of a protein depends on its structure, molecular
weight and structure of its macromolecules, and polar-
ity and steric arrangement of the side groups. Mutual
interaction of side groups of fibroin (Fig. 1) restricts
free rotation around single bonds of the peptide chain,
thus making it relatively rigid. A fibroin macromole-
cule contains nonpolar amino acid residues (aliphatic
residues of alanine, leucine, isoleucine, valine, and
proline and aromatic residues of phenylalanine and
tryptophan), polar amino acid residues (serine, threo-
nine, and tyrosine residues containing hydroxy groups,
cysteine residues with SH groups, carboxy and amide
groups of aspartic and glutamic acids, and amino
groups of lysine) [3, 4]. The fibroin macromolecules
are closely packed owing to higher content of hydro-
phobic residues as compared to that of hydrophilic
polar groups. The content of oriented chains reaches
40-60%. Fibroin sparingly swells in water and is
soluble in concentrated solutions of LiCNS, LiBr,
CuCl,, Ca(CNS),, and ZnCl,, copper ammonia solu-
tion (CusSO, + NH,OH), phosphoric acid, and some
other inorganic solvents [3-8].

The mechanism of dissolution of fibroin in concen-

trated agueous solutions of salts and acids is not
understood. Probably, ions of the solvent interact with
charged groups of the side chains of the fibrain,
thus cleaving hydrogen bonds between the macro-
molecules. These ions indirectly affect the macro-
molecular conformation via a change in the solvent
structure. The internal regions of the ordered polymer
do not contact with the solvent. Hydration of side
polar groups results in loosening of the water structure
and its diffusion inside polymeric fibrils. Structur-
ing of water by interaction with the nonpolar groups

@) (b)

N i P
”“,,,,,,Mmnnuuml |

2
Fig. 1. Scheme of a polypeptide chain [4]: (a) helical
structure, (b) unfolded chain, and (c) arrangement of poly-

peptide chains in the fiber. Region: (1) crystalline and
(2) amorphous.
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prevents its diffusion into the protein. Degradation of
the water structure in the presence of salts results in
conformational transformations of the macromolecule
and penetration of water into the crystalline regions of
the polymer.

Structural transformations of macromolecules are
observed not only in the presence of ions breaking the
water structure but also under the action of structure-
making ions which become surrounded by a shell of
water molecules ordered owing to interaction with
nonpolar side groups of the protein. Disordering of
water around hydrophobic fragments results in con-
formational transformations of the polymer, followed
by its dissolution [9]. We suggest that fibroin of
natural silk is dissolved in concentrated agueous solu-
tions of salts owing to interaction of the solvent ions
with the side groups and a change in the conformation
of the macromolecules, which favors their unwrapping
and penetration of water inside the protein. Dis-
advantages of salt solutions of fibroin are their struc-
ture-breaking effect on the polymer and the necessity
of subsequent dialysis of the solution to remove the
salt.

Dissolution of silk fibroin in nonagueous solvents
is of specia scientific and technological interest. As
shown previously [2], up to 1.96 and 3.84% of silk is
dissolved in N-methylmorpholine-N-oxide mono-
hydrate (NMMO) at 120°C and in N-methylazacyclo-
heptane-N-oxide at 140°C, respectively.

EXPERIMENTAL

To prepare silk solutions suitable for industrial
processing, we studied dissolution of silk fibroin in
NMMO. We used silk fibroin of silkworm, treated to
remove sericin, fats, waxes, and mineral compounds
and stapled in samples 34.6 um in diameter and
3.6 mm long. The solubility was studied by polarizing
microscopy at 160x magnification. The fiber did not
dissolve after keeping in the solvent at 95-130°C for
4 h. The fiber diameter increased by a factor of 1.5
(105°C) and 2-3 (120, 130°C). Thus, silk fibroin only
swells in NMMO monohydrate (13.3 wt % water,
mp 71-74°C) at temperature of 105°C and higher. As
determined by X-ray diffraction, the crystallite size
does not noticeably change after swelling (Fig. 2,
curves 1, 2), i.e, NMMO monohydrate interacts only
with amorphous fibroin. Clearly, critical (threshold)
energy of interaction of fibroin macromolecules with
the solvent, which is required for the rupture of inter-
molecular hydrogen bonds in crystalline parts of the
polymer and dissolution of the polymer, is higher than
that of cellulose macromolecules.

I, arb. units
5200+

4400

3600

2800

2000

1200

20 40
20, deg

Fig. 2. X-ray patterns of (1) the initiad washed silk,
(2) swollen and dried sample, and (3) sample precipitated
from a solution in NMMO-0.8H,0. (I) Intensity and
(6) Bragg's angle.

Previoudly [10, 11] we anayzed the influence of
the water content in the solvent on the energy of inter-
action of the solvent with cellulose macromolecules.
Thermochemical studies and theoretical calculations
show that the energy of interaction of NMMO with
hydroxy groups of cellulose is inversely proportional
to the water content in the solvent. In this work we
studied the fibroin solubility in NMMO with different
water content, which was adjusted by removing water
a 95-110°C and a pressure of 30-60 mbar. The
residual water content was determined gravimetrically
and by the melting point of NMMO. As seen from
Table 1, the fibroin is dissolved at the water content
in NMMO no more than 10 wt %, which corresponds
to the composition NMMO - 0.8H,0. Transparent light
yellow fibroin solutions with the polymer concentra-
tion of 5 wt% and higher are formed. The X-ray

Table 1. Fibroin solubility in NMMO with different water
content

H,O content Molar composition| T,* Fibroin concen-
in NMMO, of the solvent 5C tration in the
wt % solvent, wt %
13.3 NMMO-1.0H,0 Insoluble
115 NMMO-0.85H,0 Insoluble
10.6 NMMO-0.77H,0 | 120 >6
8.4 NMMO-0.6H,0 [>120 >6
4.4 NMMO-0.3H,0 [>120 >6

* (Ty) Dissolution temperature
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Table 2. Fibroin solubility in NMMO-water—alcohol
systems

SASHINA et al.

Table 3. Fibroin solubility in

solvent systems

NMM O-water—aprotic

Alcohol NMMO: water : alcohol | Ty, Fibroin
molar ratio °C solubility
Methanol 1:045:0.78 60-70 -
1:03:06 90-100 |Soluble
a 120°C
1:03:07 90 |”
Ethanol 1:045:0.78 70 -
1:03:06 65 -
1-Propanol 1:045:0.78 105 -
1:03:06 100-105 -
2-Propanol 1:045:0.78 >110 |Soluble
1:03:06 105 -
1-Butanol 1:045:0.78 >140 |Soluble
1:03:06 90-100 -
2-Butanol 1:045:0.78 >140 |Soluble
1:03:06 90-95 -
1-Pentanol 1:045:025 >120 |Soluble
1:03:046 120 -
1:03:09 50-55 -
2-Pentanol 1:045:025 >140 |Soluble
1:03:046 120-125|"
1:03:06 80-85 -
1:03:09 60-65 -
3-Pentanol 1:045:0.25 >120 |Soluble
1:03:046 120-125|"
1:03:06 80-85 -
1:03:09 60-65 -

Aprotic |NMMO: water : cosolv- Trs Fibroin
solvent ent molar ratio °C solubility
DMSO 1:045:0.25 >140 -
1:045:05 130-135 | Soluble
1:035:05 90-100 |”
1:035:0.79 80-90 |”
1:035:158 65-75 |<3%
1:0.35:3.15 Liquid |[<1%
1:03:05 >140 -
1:03:09 120-125 | Soluble
1:03:1.2 120 "
1:03:15 90 "
1:03:1.8 75 "
1:03:24 65 <3%
DMFA 1:045:0.25 >140 -
1:045:05 140 Soluble
1:035:0.84 80-90 |”
1:035:1.69 75-80 |<1%
1:03:08 >140 -
1:03:1.2 140 Soluble
1:03:1.6 90-100 |<5%
1:03:24 80 <3%
DMAA 1:045:0.25 >140 -
1:045:05 140 Soluble
1:035:0.7 130 "
1:035:14 105-115 |<1%
1:03:1 130 Soluble
1:03:15 125 "

* (T Mélting point; the same for Tables 3 and 4.

pattern of fibroin precipitated from the solutions
(Fig. 2, curve 3) differs from those of the initial
(curve 1) and swollen and dried polymer (curve 2). As
compared to the initial sample, the reflections in the
range 8°-10° and 25°-27° of the X-ray pattern of
precipitated fibroin are absent.

To decrease the melting point of the solvent and
hence the dissolution temperature, we introduced low-
molecular-weight organic diluents. It is important that
the diluent should not decrease the solubility. Our
previous comparative studies of aprotic and protic
diluents show [12] that aprotic compounds effectively
breakdown the NMMO structure, thus accelerating the
dissolution and decreasing the viscosity and T, of the
solvent. On the contrary, protic diluents are structure-
making additives which compete with hydroxy groups
of cellulose for formation of hydrogen bonds with the
N-O group of the amine oxide. In [13] we studied the
influence of aprotic diluents on the enthalpy of inter-
action of binary solvent with cellulose. It was found

that the heat effect of the interaction of cellulose with
the DM SO complex of NMMO monohydrate is higher
than that of pure NMMO monohydrate. We suggest
that DMSO additionally polarizes the N-O groups.
Here we tested as diluents aprotic [DMSO, dimethyl-
formamide (DMF), dimethylacetamide (DMAA)] and
protic solvents (lower alcohols CH,,.10OH, where
n = 1-5, 2-pyrrolidone, [14] e-caprolactam, and
d-valerolactam).

As seen from Tables 2-4, only limited amounts of
protic solvents can be added to NMMO. The fibroin is
soluble in a NMMO-nH,0O- mdiluent mixture when
(n+m) is no higher than 0.8. At higher (n+m)
values the solubility sharply decreases. In the case
of aprotic solvents, especially DMSO, the fibroin
solubility is retained in a wider concentration range
(Table 3), which alows control of the melting point
of the solvent and hence of the dissolution tempera-
ture. The most efficient additive is DMSO. Introduc-
tion of up to 2-3 mol of DM SO per mole of NMMO
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Table 4. Fibroin solubility in NMMO-water—|actam
systems

L actam NMMO: water:lac-| Ty, Fibroin
tam molar ratio °C | solubility

2-Pyrrolidone 1:03:04 80-90 |Soluble
1:03:05 80-90 |”
1:03:07 50-60 -
1:03:1 Liquid -

e-Caprolactam 1:03:04 80-90 |Soluble
1:03:05 80-85 |”
1:03:07 60 -
1:03:1 Liquid -

3-Valerolactam 1:03:04 80-100 | Soluble
1:03:05 80-95 |”
1:03:07 50-60 -
1:03:1 Liquid -

Table 5. Thermolysis temperature Ty, Of fibroin solu-
tions

Molar composition Fl_br0|_n concentra- Torerms
of the solvent tion in the solu- | g3
tion, wt %

NMMO-0.3H,0 - 174
NMMO-0.3H,0 5 160
NMMO-0.3H,0-0.9DMSO 5 152
NMMO-0.3H,0-1.8DMSO 5 162
NMMO- 0.3H,0-0.4pyrroli- 5 174
done
NMMO-0.3H,0. 0.4véero- 5 158
lactam

does not decrease the fibroin solubility and effectively
lowers the melting point and viscosity of the solution.

The onset temperature of thermolysis of amine ox-
ide in 5% fibroin solutions ranges from 150 to 170°C
depending on the solvent composition (Table 5).

CONCLUSIONS

(1) Dissolution of silk fibroin in N-methylmorpho-
line-N-oxide was studied. The threshold energy of
interaction between the solvent and the polymer,
required for polymer dissolution, is reached at a
10 wt % water content in N-methylmorpholine-N-
oxide, which corresponds to the compoasition N-meth-
ylmorpholine-N-oxide- 0.8H,0.

(2) The melting point of the solvent decreases
when water is partially replaced by an equimolar
amount of acohol. Branched acohols are more ef-
ficient for this purpose.

(3) Partia replacement of water in the solvent by
2-pyrrolidone, e-caprolactam, and §-valerolactam de-
creases the melting point of the solvent with no loss
of its solvency.

(4) Additives of aprotic compounds, especialy
DMSO, effectively decrease the melting point and
viscosity of fibroin solutions in N-methylmorpholine-
N-oxide, with the solvency of N-methylmorpholine-
N-oxide being preserved in a wide range of compo-
nents ratios in the solvent.
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Abstract—The parameters of fuel oil pyrolysis initiated by propane-butane-oxygen flame were studied as
influenced by the temperature in the pyrolysis zone, time of the fuel oil contact with the initiating flame, and
fuel oil feed rate. The experimental data on therma and flame-initiated fuel oil pyrolysis were compared.

One of the maor lines in development of petro-
chemical industry is increase in the production of
lower olefins, e.g., ethylene and propylene. Ethylene
is produced in industry by pyrolysis of hydrocarbons
with steam in tubular furnaces; the best raw material
for ethylene production is ethane, and its treatment
under fairly severe conditions yields up to 76—
78 wt % of ethylene [1].

Naphtha fractions with various boiling ranges are
widely used as raw materials for pyrolysis. In contrast
to the pyrolysis of gaseous hydrocarbons, pyrolysis of
naphtha fractions yields, along with pyrolysis gas rich
in C,—C, unsaturated hydrocarbons, also significant
amount of liquid products containing aliphatic and
cyclic Cg and higher olefins, Cg—Cg aromatic hydro-
carbons, and other valuable materials [2].

However, the composition of materials for pyroly-
sis gradually changes. At present, heavy oil distillates
are widely used for pyrolysis along with gaseous
materials and light oil fractions. Further improvement
of common pyrolysis furnaces is performed and new
aternative pyrolysis processes are developed [1]. Such
alternative processes involve pyrolysis in the presence
of heterogeneous catalysts, high-temperature pyrolysis
using gaseous heat carriers, pyrolysis in the presence
of initiating additives, hydropyrolysis, pyrolysis in
molten metals and metal salts, thermal contact proc-
esses, and pyrolysis in the initiating flame [3-7]. An
example of the latter process is the flame-initiated
pyrolysis (FIP) of fuel ail.

EXPERIMENTAL

In the experiments we used M-40 fuel oil with
the following main parameters. density (at 293 K)
1 kgm3, ash residue 0.15 wt %; content (wt %):
solid impurities 1, water 2, and sulfur 0.5-3.5; the

heat of combustion recalculated on the dry fuel oil
39770 Jg L.

The scheme of a flow-type unit for FIP of the fuel
oil, operating under atmospheric pressure, is shown
in the figure. The reactor is made of Cr1849TiCu
stainless steel and consists of three zones, mm: zone
of preheating (573 K) 160 mm long, pyrolysis zone
(773-923 K) 140 mm, and initiation zone (combus-

®/22

Scheme of experimental unit for flame-initiated pyrolysis
of fuel oil: (1) metallic pyrolysis reactor, (2) pulverizer,
(3) electrica heater, (4) gage, (5) steam generator,
(6) automated system for heating and maintaining the
required temperature, (7) diffusion burner, (8) thermo-
couple, (9) reservoir for feeding the starting hydrocarbons,
(10-12) gas cylinders, (13) potentiometer, (14) cooling
system, (15) sediment collector, (16) reflux condenser,
(17) system for liquid separation, (18) wet-gas meter,
(19) electrical heaters, (20) sampler, (21) throttles, and
(22) needle valves.

1070-4272/03/7601-0132$25.00 © 2003 MAIK “Nauka/lnterperiodica’
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Table 1. Inmated and noninitiated fuel oil pyrolysis. Feeding rates of water in the steam generator and of fuel oil 6 and
3.45 cm® min™1, respectively; residence time of fuel oil in the flame and pyrolysis zones 0.1 and 0.5 s, respectively

Pyrolysis at indicated temperature* K
Composition
I, 773 I, 803 b 823 | T,873 |1, 873 | T, 923 | I, 923
Pyrolysis gas, vol %:
Zivd 29.3 28.3 27.9 90.8 271 90.1 24.7
Ca 334 33.8 33.8 - 33.2 - 341
CO, 4.2 4.2 4.2 - 4.3 - 4.2
H, 331 330.7 34.7 9.2 354 9.9 37.0
Hydrocarbon fraction of pyrolysis gas, vol %

CH, 391 39.3 40.2 221 40.2 221 41.8
CoHg 31 3.2 31 52 2.3 5.3 3.0
CoHy 39.7 40.1 40.8 28.8 41.3 28.9 42.8
C3Hg 3.2 3.2 20 14.0 0.8 13.8 0.8
C3Hg 7.5 7.6 7.6 14.3 9.0 144 6.5
CoH, 0.2 0.2 0.2 - 0.3 - 0.3
ZCyHg 3.7 31 35 8.3 3.7 8.2 39
ZC** 35 3.3 2.6 4.3 24 4.2 14
2Cq Traces Traces Traces 11 Traces 11 Traces
ZCB " " " 19 " 20 "

Gasification, % 115 12.1 12.3 3.6 129 59 13.2

* Pyrolysis: (1) initiated and (T) thermal; the same for Table 3.

** LCy, except LCyHg

tion and pyrolysis) 30 mm. The initiating burner was
placed in the reactor at the boundary of the pyrolysis
and initiation zones. The composition of the propane-
butane gas mixture was as follows, vol %: propane
76.2, butane 17.6, isobutane 5.9, and ethane 0.3; oxy-
gen was supplied to the burner in stoichiometric
amounts.

The type of the initiating flame is selected is ac-
cordance with its physicochemical parameters such as
the temperature of the stoichiometric flame (1900°C),
shape and size of the flame (elongated flare, 30—
40 mm height), length of the area in which the H
atoms are detected (30—45 mm aong the axis of the
flow of reaction products), and maX|maI concentratl on
of H atoms in the flame (4 x 10%° cm™ ) [3].

In the course of pyrolysis initiation with propane-
butane-oxygen flame at 1800-1900°C flame tempera-
ture, significant amounts of hydrogen atoms (up to
4 x 10" cm3) and other reactive radicals (HO,, OH-,
CH3, C,Hg, CHO', O, etc. [3]) diffuse into the fuel
oil, which strongly accelerates pyrolysis of the feed.
The flame capacity in the experiments was character-
ized by the content of oxygen relative to the feed
(wt %). In al the cases the (propane-butane) : oxidant
ratio was 1:5; the flow rates of the oxidant and

propane-butane mlxture at the burner inlet were 710
and 140 cm®min?, respectively.

The gaseous products (vol %) of the fuel oil pyrol-
ysis were analyzed by gas chromatography; for quan-
titative analysis of the chromatographic patterns, we
used the method of internal normalization taking into
account the sensitivity coefficients and also the abso-
lute calibration procedure.

The aim of this work was to increase the yield of
lower olefins (ethylene, propylene, and butenes). In
our experiments we varied the pyrolysis temperature,
contact time, and the fuel oil feed rate. The contact
time was changed by varying the steam flow rate at
the pulverizer inlet or the fuel oil feed rate at a con-
stant steam flow rate. The temperature of the steam
and fuel oil in the experiments was 423 and 383 K,
respectively. The results of fuel oil pyrolysis are listed
in Tables 1-3.

As seen from published data [1], pyrolysis of fuel
oil is characterized by extensive coking. Taking into
account this fact, we varied the temperature in the
pyrolysis zone within 773-923 K, whereas the tem-
perature in the preheating zone was constant (573 K).

Along with studying the effect of temperature on
the fuel oil pyrolysis initiated by propane-butane
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Table 2. Initiated fuel oil pyrolysis. Temperature in the pyrolysis zone 773 K, fuel oil feed rate 3.45 cm® min™%, and
flame capacity 29 wt %

Residence time of fuel oil in the flame zone, s
Composition
0.1 0.07 0.05 0.04 0.03
Pyrolysis gas, vol %:
Zhyd 29.3 30.3 31.0 32.9 34.7
O 334 331 32.7 32.8 321
CO, 4.2 4.3 4.4 4.3 4.5
H, 331 32.3 31.9 30.0 28.7
Hydrocarbon fraction of pyrolysis gas, vol %

CH, 391 37.8 34.0 33.9 331
CoHg 31 3.3 34 34 34
CoHy 39.7 38.6 371 36.8 37.0
C3Hg 3.2 35 3.7 39 4.4
C3Hg 7.5 7.6 8.8 9.3 10.2
C,H, 0.2 0.2 Traces Traces Traces
ZCyHg 35 6.1 8.2 8.4 8.4
ZCy* 17 29 31 3.3 35
2Cq Traces Traces 0.7 Traces Traces

2Cq " " 1 1 "
Gasification, % 115 11.3 110 89 6.2

* LCy, except ICyHg.

Table 3. Initiated and noninitiated fuel oil pyrolysis. Temperature in the pyrolysis zone 798 K, rate of water feeding
in the steam generator 8 cm® min™1, residence time of fuel oil in the flame and pyrolysis zones 0.08 and 0.4 s, respec-
tively, and flame capacity 29 wt %

Pyrolysis at indicated fuel oil feed rate, cm®mint
Composition
I, 0.65 I, 1.25 T, 54 I, 54 T, 120 I, 12.0
Pyrolysis gas, vol %:

Zhvd 279 26.9 92.8 29.8 921 35.2
C 33.7 34.6 - 30.9 - 28.1
CO, 4.4 4.4 - 5.9 - 6.6
H, 34.0 34.1 8.6 334 7.9 30.1

Hydrocarbon fraction of pyrolysis gas, vol %
CH, 43.9 31.6 21.3 320 20.1 28.1
C,Hg Traces Traces 5.2 24 5.3 45
CoH, 42.1 46.3 28.6 41.8 271.7 35.8
C3Hg 21 6.6 21.8 75 214 9.1
C3Hg 6.5 7.8 10.0 8.0 11.0 9.6
C,H, 0.2 0.1 - 0.1 - 0.1
ZCyHg 35 4.7 6.7 4.8 6.7 45
ZCy* 17 29 35 34 3.7 35
2Cq Traces Traces 1.0 Traces 2.0 2.0
ZCq " " 1.0 " 2.1 2.8
Gasification, % 11.3 114 3.2 124 34 | 14.1

* ZCy, except XCyHg.
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flame, we performed the experiments on the pyrolysis
without initiator. The operation parameters and ex-
perimental conditions were determined in the course
of thermal pyrolysis, and then the initiating flame was
added.

As seen from Table 1, as the temperature is in-
creased from 773 to 923 K, the content of ethylene in
the hydrocarbon fraction of the pyrolysis gas gradual-
ly increases, and at 923 K it comprises 42.8 vol %;
the content of propylene and butenes in the pyrolysis
gas varies within 6.5-9.0 and 3.1-8.4 vol %, re-
spectively. As compared to thermal pyrolysis at the
residence time in the flame of 0.5 sand 923 K, initia-
tion with propane-butane flame increases the content
of ethylene in the hydrocarbon fraction of pyrolysis
gas by 13.3 vol %, whereas the content of propylene
and butenes decreases by 7.9 and 4.3 vol %, respec-
tively. It should be noted that the variation of the
pyrolysis temperature by 150°C only dightly affects
the volume content of the target products. However,
in the entire temperature range studied the content of
ethylene in the pyrolysis gas at initiated pyrolysis is
higher than that in the noninitiated process.

The gasification degree varies within 11.5-13.2
and 3.6-5.9% for initiated and thermal processes, re-
spectively. The gasification degree is defined as the
amount of fuel oil (wt%) that passed into the gas
phase.

The effect of the residence time of fuel oil in the
initiating flare zone is illustrated in Table 2. The
residence time was varied by changing the flow rate
of the supplied steam. As seen, as the residence time
of fuel ail in the initiating flare zone is decreased from
0.1 to 0.03 s, the volume content of ethylene and
methane in the pyrolysis gas decreases, whereas the
volume content of ZC4Hg, C3Hg, and C3Hg increases,
the ethane concentration remains amost constant.

When the contact time in the pyrolysis zone was
decreased to 0.2 s and the residence time in the initiat-
ing flare zone, to 0.03 s, the gasification degree in
flame-initiated fuel oil pyrolysis became close to that
in thermal pyrolysis. As seen from the comparison of
experimental results obtained in initiated (Table 2) and
noninitiated (Table 1) pyrolysis at similar gasification
degrees, the volume content of unsaturated hydrocar-
bons in the pyrolysis gas increases relative to satu-
rated hydrocarbons. Initiation of the fuel oil pyrolysis
at gasification degree of 6.2 wt % as compared to
thermal pyrolysis (gasification degree 5.9 wt %) in-
creases the content of ethylene and butenes in the
hydrocarbon fraction of the pyrolysis gas by 8.1 and
0.2%, respectively, whereas the content of propylene

decreases by 4.2%. In this case, the temperature dif-
ference in the thermolysis zone was 150 K.

The residence time in the reaction zone is pre-
dominantly determined by the rate of steam supply to
the fuel oil pulverizer, whereas the increase in the feed
rate of the fuel oil, which falls into the reactor as fine
drops (with size less than 100 um), does not notice-
ably affect the residence time of the fuel oil in the
reaction zone. At the same time, the composition of
the pyrolysis gas changes with changing the fuel oil
feed rate (Table 3). With increasing fuel oil feed rate,
the content of hydrocarbons in the pyrolysis gas in-
creases from 27.9 to 35.2 vol %. Simultaneoudly,
despite the increase in the gasification degree, the
content of ethylene in the pyrolysis gas decreases
from 42.1 to 35.8 vol %.

As seen from the comparison of experimental data
obtained in the course of thermal and flame-initiated
pyrolysis (Table 3) at similar feed rates of the fudl oil,
the yield of unsaturated hydrocarbons in the course
of pyrolysis strongly increases with respect to satu-
rated hydrocarbons. At low feed flow (1:1.4 fuel
oil : steam ratio), the content of lower olefins in the
pyrolysis gas strongly increases , whereas the content
of saturated C3-C, hydrocarbons decreases. Thus,
in initiation of pyrolysis with propane-butane flame,
with increasing fuel oil feed rate the volume content
of ethylene and methane in the pyrolysis gas decreases
and the content of heavier hydrocarbons C3-C, in-
Creases.

Our experimental data showed that, despite varia-
tion of the process conditions in a fairly wide range,
the flame-initiated fuel oil pyrolysis mainly follows
the “olefin” pathway. We identified only C;-C,
components in the gaseous mixture. The absence of
heavier hydrocarbons in the pyrolysis products sug-
gests that the process involves profound breakdown of
the fuel oil molecules with formation of lower un-
saturated and saturated C,—C, hydrocarbons, which
determine the fina composition of the hydrocarbon
fraction of the pyrolysis gas.

Among the pyrolysis products we also detected
carbon oxides and hydrogen, probably arising from
combustion of the initiating propane-butane mixture
and fuel oil pyrolysis.

CONCLUSIONS

(2) In the course of pyrolysis of fuel oil initiated
by propane-butane-oxygen flame (29 wt % capacity)
and performed at 773-923 K and gasification degree
of about 6 wt %, the content of ethylene and butenes
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in the hydrocarbon fraction of the pyrolysis gas in-
creases by 7.9-81 and 0.2 vol %, respectively,
whereas the content of propylene decreases by 4.0-
4.2 vol %.

(2) At pyrolysis temperature from 773 to 923 K,
residence time of the fuel oil in the initiating flame
zone of 0.1 s, flame capacity of 29 wt %, and fuel
oil : steam ratio of 1:1.7, the gasification degree is
13-14%, and the content of ethylene in the hydro-
carbon fraction of the pyrolysis gas reaches 40-
42 vol %.
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Abstract—The kinetic parameters of autooxidation of DL-0.2 diesel oil in the presence of copper were deter-
mined in the range 120-140°C. The possibility of using lonol for stabilization of diesel oil under these con-

ditions was studied.

High efficiency of diesel engines in comparison
with carburetor engines causes great interest in stabili-
zation of diesd oils (DOs) [1-3]. At a temperature of
100-140°C, providing proper operation of fuel system
units of diesel engines, DO contacting structural
materias is rather actively oxidized with dissolved
oxygen, whose content reaches 4-5 vol % [4]. Oxida-
tion of DO is accompanied by formation of tarry
compounds which are deposited on filters and units
of fuel-controlling and fuel-supplying apparatus and
fuel injectors. This disturbs the normal operation of
engines and, as a result, increases the toxicity and
smoke content of exhaust gases. It is known that
copper is a highly active catalyst of oxidation of hy-
drocarbon fuels [5]. In this work we examined the ef-
fect of copper on the kinetics of DO oxidation and the
possibility of DO stabilization with classic oxidation
inhibitor, lonal.

EXPERIMENTAL

Uptake of O, in oxidation of DL-0.2 commercial
diesel oil was studied on a gasometric installation of
the static type [6]. Into a 15-ml temperature-controlled
conical glass reactor equipped with a stirrer, 5 ml of
the fuel was placed, and oxygen was bubbled for
10 mrn The amount of oxygen taken up, A[O,]
(mol I71), was evaluated by the formula

A[Oy] = Vo, IVix 224,

where VO2 is the oxygen uptake (ml) and V; is the fuel
volume (ml).
Autooxidation of DO proceeds with acceleration,

and the ki netrcs of 02 uptake is described by the rela-
tionship A[OZ] = bt characteristic of hydrocarbon

fuels [6]. In the coordinates A[Oz]”z—t, the experi-
mental points fall on a straight line. The parameter b
characterizing the susceptibility of DO to autooxida-
tion is determined as the slope of the experimental
straight line.

Metallic copper was used as a powder, plate, or
ring. The particle size of the powder was determined
with a BIOLAM microscope and a micrometric net-
work of the OS type with the scale factor of 1 x
102 mm. Based on numerous measurements, the
average radius of copper particles was taken equal to
2x 1072 mm.

These results allowed estimation of the copper
particle vol ume assumi ng that particles are spherical
(V = 4/3ar® = 32x10° mmd), the average weight
of one partrcle (m=pV=27x10"gat Pcy = 8.4 x
103 gmm™3), the total number of particles in the
werghed portion of 5.4x 1073 g Cu per 5 ml of fuel
(2 x 10* particles), and also the surface area of one
particle (S = 4nr® = 50 x 10°* mm?) in the weighed
portion of copper powder (1 cm? per 5 ml of fuel or
200 cm? per 1 | of fuel).

The size of the copper plate was 10 x 15 x 0.2 mm.
The copper ring was made from a copper tube 10 mm
in diameter (the element of the fuel system of a diesel
engine), the wall thickness of the ring was 1 mm, and
the ring width was 2 mm.

Experiments on autooxidation of crude DO with
oxygen in the presence of metallic copper at 120°C
for 7 h with parallel measurement of the oxygen up-
take, A[O,], and the optical density of fuel, A, charac-
terizing tarring in the system, showed that these pa-
rameters reach the limiting val ues by the end of the
run and are 0.22 and 1.6 mol 1%, respectively (Fig. 1).
Cessation of DO autooxrdatlon is apparently due to
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Table 1. Influence of the surface area of metallic copper S, and temperature on the kinetic parameter of DO auto-

oxidation b
Copper Sey cm? 17t T, °C b x 10°, mol¥2|-V2 g1 b/, [(b - bp)/(by9)] x 103, | cm?

Absent - 120 11 - -

Powder 50 120 2.1 1.9 18.2
120 120 2.3 2.1 9.1
210 120 3.2 2.9 9.0
126 120 3.0 2.7 13.7
126 130 5.3 4.8 30.8
126 140 75 6.8 46.2

Plate 60 120 3.2 2.9 11.5

Ring 166 120 3.2 2.9 11.5

deactivation of the catalytically active metal surface.

Adsorption purification of DO on silica gel sig-
nificantly enhances the thermal oxidation resistance of
fuel: the limiting values of A[O,] and A decrease by
factors of 5 and 2, respectively. The kinetic curves
of O, uptake |n the |n|t|al stage of DO oxidation
(A[OZ] < 1x 1072 mol I™Y) in the presence of copper
powder are typical of autoacceleratrng processes
(Fig. 1); the curves are made linear in the coordinates
A[O,]Y%~time, which allows characterization of the
process using the parameter b (A[OZ] = bt). The
temperature dependence of b in the range 120—140°C
is reasonably adequately described by the Arrhenius
equation

Inb = 9.32 — 64 x 10%/(RT),

where R = 8.31 Jmol™1 K1,

As known, in heterogeneous catalytic oxidation, the
specific activity of a material having a catalytic effect
is characterized by the b/by value and by the ratio
(b — by)/(bgS), where by and b are the quantitative meas-
ures of the susceptibility of the fuel to autooxidation
in the absence and in the presence of this materia, re-

A[Og] x 10%, mol It | A[Og] x 10%, mol It |

20F (a)1 12.0 20+ (b) / dos

BV ZE I (N
10f 110 1o} loa
200 400t, min 200 400 t, min

Fig. 1. (1) Kinetics of oxidation of diesel oil A[O,] and
(2) variation of optical density A in the presence of copper
at 120°C. (t) Time. Diesel oil: (a) crude and (b) purified on
silica gel.

spectively; Sis the metal surface area, cm? per liter of
fuel [4]. The results of the study (Table 1) showed
that the specific activity of copper powder W|th re-
spect to DO a 120°C is (13.6+4.6)x 1073 | cm™2
and the ratio b/by = 2.4+0.5. It should be noted that
similar values are characteristic of copper in T-6 jet
engine fuel: (b — bp)/(byd = 5x10°3 | em™ and
b/by = 2.51 [4].

It is evident that the increased oxidizability of DO
is caused by accelerated decay of hydroperoxides
ROCOH to radicals under the action of metallic copper.
This is suggested by the parabolic dependence of O,
uptake on time (Fig. 1) and the fact that the depen-
dence of the autooxidation parameter b on S, tends
to a certain limit (Table 1). According to the data
obtained, wrth increasing surface area of copper from
0 to 50 cm? per liter of fuel, b is doubled, whereas
further increase in &, does not result in significant
growth of the autooxrdatlon rate. It is apparent that, at

> 126 cm? I, hydroperoxide molecules formed
in the bulk are adsorbed a the copper surface and
a constant initiation rate (b = 0.5ak?) is maintained in
the system owing to heterogeneous decay of ROOH.
Replacement of the copper powder by copper plate or
copper ring (fragment of copper tube, the element of
fuel apparatus of diesel engine) does not disturb the
shape of the dependence of b on &, (Table 1).

A conventional inhibitor of radical-chain oxidation,
lonol PhOH, added to the fuel containing copper
powder (Sg, = 126 cm? 1Y), efficiently inhibits oxida-
tion, causing appearance of induction periods (t; = 37—
90 min at 120°C); their duration is in direct propor-
t|on to PhOH concentrations in the range (1.3-2.7) x
10* M. These results allow estimation of the initia-
tion rate Wi:

W, = 2[PhOH]/t; = (1.1+0.1)x10~" mol I-t st
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Table 2. Influence of inhibitor concentration [PhOH] and temperature on the parameter of DO autooxidation b and

inhibition coefficient n in the presence of copper powder, S, =

126 cm? gt

T, °C [PhOH] x 10%, wt % | [PhOH] x 103, M b x 10°, mol¥2|-12 g1 n = by/b
120 0 0 3.0 -
0.3 0.12 2.50 1.2
0.6 0.23 1.25 24
1.0 0.38 1.45 2.1
1.6 0.60 0.70 43
4.0 1.50 0.78 3.8
6.0 2.25 0.43 7.0
12.0 4.50 0.44 6.8
130 0 0 5.5 -
1.0 0.38 3.7 15
2.0 0.76 1.9 2.6
2.5 0.95 0.9 6.1
3.0 1.14 0.6 9.2
140 0 0 7.8 -
1.0 0.38 7.7 1.0
2.0 0.76 6.2 1.3
3.3 1.26 3.7 2.1

The study of the dependence of the autooxida-
tion parameter b and inhibition coefficient n (n =
bo/Ppron) on the lonol concentration showed that, at
120°C and [PhOH] > 0.06 wt %, b decreases by afac-
tor of 7 and then does not vary noticesbly (Table 2).
However, with increasing temperature, the inhibition
activity of lonol noticeably decreases: the inhibition
coefficient n is 4.3, 2.6, and 1.3 at 120, 130, and
140°C, respectively. At 140°C and concentration of
0.02 wt % ([PhOH] = 7.6 x 10~ M), virtually no in-
hibition of autooxidation is observed; therefore, other
inhibitors are required for stabilization of DO at
elevated temperatures.

CONCLUSIONS

(1) Diesel oil contacting metallic copper at 120—
140°C is subject to active oxidation and tarring in the
initial stage of the process. The factor of the copper
catalytic effect at 120°C is 2.4+0.5.

(2) Adsorption purification of diesel oil on silica
gel appreciably suppresses its susceptibility to auto-
oxidation. lonol added to the fuel decreases its oxi-

dizability at 120°C by a factor of 7 but is ineffective
a higher temperatures.
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Abstract—A raffinate meeting the requirements for the transformer oil body was obtained from the 300—
350°C fraction of low-paraffinicity oil by five-step countercurrent extraction of aromatic hydrocarbons and
organoelement compounds with agueous methyl Cellosolve in the presence of pentane.

Hydraulic oils and transformer oil body are pro-
duced from the 200-300 and 300-350 or 300-400°C
fractions of low-paraffinicity oil, respectively. Low-
paraffinicity oils, among them Troitsk-Anastasievsk
oil, contain virtually no n-alkanes, which allows pro-
duction of low-freezing oils without dewaxing as the
most expensive stage. However, the aromatic hydro-
carbon content in the fraction 200-430°C of the
Troitsk-Anastasievsk oil amounts to 40% (hereinafter,
wt %, unless otherwise stated) [1]. According to the
existing technical specifications, the optimal content
of arenes in it should be within 18-22%, the major
part of arenes being represented by monocycloarenes
[2, 3].

Transformer oils can be produced from the 300-
400°C fraction by solvent extraction followed by hy-
drogenation. For example, this combined method is
used in production of T-1500U transformer oil [TU
(Technical Specification) 38.401-58-107]. The advant-
age of solvent-extracted oils is in high gas resistance
coefficient, which is caused by the optimal content of
aromatic hydrocarbons (18-22%). As their drawbacks,
we can indicate high dielectric loss tangent tan «,
which is due to excessive resin content, resulting in
deteriorated insulating characteristics and oxidation
resistance of the oil. The resin content can be reduced
from 3.2 to 1.2-1.3% by additional adsorption refin-
ing of a solvent-extracted ail. In this case, tan o de-
creases from 2.2 to 0.24-0.29%, meeting the require-
ments of the technical specifications to T-750 trans-
former oil [3].

Solvent extraction of oil fractions is performed
with phenol, furfura, or N-methylpyrrolidone [4, 5].

However, all these solvents are relatively high-boiling,
which complicates their regeneration. N-Methylpyr-
rolidone, the most selective and high-boiling of them,
forms azeotropic mixtures with a series of saturated
hydrocarbons of the 200-400°C fraction, which
causes oiling of the solvent and complicates its regen-
eration, thus deteriorating the solvent extraction ef-
ficiency [6]. Regeneration of a solvent by aqueous
backwashing or back extraction of arenes from the
extract phase with saturated hydrocarbons is insuf-
ficiently efficient, causing complication of the process
flowsheet and increase in the power consumption.
Furthermore, all the indicated solvents have certain
inherent drawbacks: phenol, low selectivity with re-
spect to arenes and high toxicity; furfural, low thermal
oxidation resistance; and N-methylpyrrolidone, high
cost and corrosion activity [7-9].

To abtain the transformer oil body from low-paraf-
finicity oil fractions, sulfuric acid refining is used.
However, this method does not longer meet the mod-
ern environmental criteria, because of formation of
large amounts of acid tar to be utilized or disposed of.

The goal of this work is to examine the possibility
of production of the transformer oil body from the
300-350°C fraction of low-paraffinicity oil by solvent
extraction using a low-boiling extraction system readi-
ly regenerable by distillation.

Since the oil in hand contains no n-alkanes, one
may draw an analogy between the composition of its
kerosene-gas-oil fractions and that of 200-320°C
fraction dewaxed by adsorption on zeolites (denorma-
lization product of the Parex plant). Previousdy we
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Table 1. Parameters of countercurrent extraction refining of the 300-350°C fraction of Troitsk—Anastasievsk oil

Characteristic Pilot experiment (no. 1) Optimal conditions (experiment no. 2)
Number of theoretical steps of extraction 5 5
Temperature, °C 30 30
Water content in methyl Cellosolve, wt % 5 5
Weight ratio:
aqueous methyl Cellosolve : raw material 3:1 4:1
pentane : raw material 07:1 1:1

reported on extraction of aromatic hydrocarbons from
such denormalization product to obtain a component
for a pollution-free diesel fuel with an arene content
of no more than 10-15% [10-13].

Qils from the West Siberian oil-and-gas province
(raw material for most of the Russian refineries) are
classified with A® type [1]. This is essentially paraf-
fin-base crude, in which naphthenes are represented
primarily by monocycloalkanes. It is known that the
solubility of saturated hydrocarbons, having the same
amount of carbon atoms, in polar solvents increases
in the order n-alkanes < isoakanes < monocycloal-
kanes < polycycloakanes.

The solubility of alkanesin polar solvents increases
with increasing degree of branching. For example, the
solubility of 2-methylheptane and 2,5-dimethylhexane
in 2-methoxyethanol (methyl Cellosolve) at 50°C is
26.0 and 31.1%, respectively [14].

In contrast to West-Siberian ails, in the kerosene-
gas-oil fractions of low-paraffinicity oils polycyclo-
alkanes and isoalkanes predominate. Therefore, ex-
traction of organoelement compounds and aromatic
hydrocarbons from low-paraffinicity oils is a more
difficult problem as compared to separation of de-
normalization products, more so of straight runs of
West Siberian oils with high n-alkane content. The
success in solving this problem depends primarily on
the solvent selectivity. Among the known relatively
low-boiling solvents, methyl Cellosolve is one of
the most selective solvents with respect to arenes.
For example, at 25°C, its selectivity with respect to
toluene in the octane-toluene system, expressed as
the limiting activity coefficient ratio of these hydro-
carbons in a diluent, was found to be 7.92, whereas
that of methanol, acetone, and pyridine is 4.57, 5.45,
and 6.46, respectively [15].

More selective solvents are known (compared to
methyl Cellosolve) such as sulfur dioxide, 2,2,2-tri-
fluoroethanol, hexafluoro-2-propanol, acetonitrile, and
nitromethane [16]. However, each of these solvents
has drawbacks complicating its practical use as a

solvent. Sulfur dioxide demonstrates high corrosion
activity and high reactivity towards unsaturated hy-
drocarbons. Also, a refrigerating medium is required
in extraction with this solvent. Polyfluoro acohols are
highly expensive, and nitromethane is dangerously
explosive. Acetonitrile has a density close to that of
the raw material, making it difficult to separate the
extract and raffinate phases; also, at high temperature
of regeneration, hydrolysis of agqueous acetonitrile can
occur with formation of acetic acid, thus initiating
corrosion of the equipment.

Among the advantages of methyl Cellosolve are
high thermal and hydrolytic stability, sufficiently high
density (p4 = 0.996), relatively low toxicity (MPC =
80 mg m= [17]), and low cost. Also, an important
advantage of this solvent is in higher selectivity with
respect to polycycloarenes [18, 19] and sulfur-contain-
ing components of oil fractions [20].

As in solvent extraction refining of the denormali-
zation product of the Parex plant [11], in this work, to
improve the selectivity of methyl Cellosolve, we used
the heterogeneous solvent system containing 5% water
and pentane as a nonpolar diluent.

As a raw material we used a fraction of Troitsk—
Anastasievsk oil, whose characteristics were as fol-
lows: bail-off range (standard distillation) 302-354°C,
refractive index nZ° 1.5026, density p3° 0.901, sulfur
content 0.16%, sulfury content 30 vol % (31.9 wt %),
kinematic viscosity at 50°C 7.4 mm?s 2, and flash
point (open vessel) 168°C.

Extraction experiments were performed in two
modes, namely, pilot and optimal (Table 1). Five-step
countercurrent extraction was carried out according to
the classical flowsheet using a system of separating
funnels [21]. Results obtained in the pilot experiments
are given in Table 2.

Table 2 shows that the resulting raffinate contains
the desired amount of arenes, but rather large amount
of saturated hydrocarbons still remains in the extract
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Table 2. Characteristics of the raffinate and extract obtained in experiment nos. 1 and 2

Raffinate Extract
Characteristic
no. 1 no. 2 no. 1 no. 2
Yield, % 79.5 81.9 20.5 12.1
p° 0.896 0.893 0.920 0.937
ng 1.4925 1.4912 1.5545 1.5585
Kinematic viscosity at 50°C, mm? st 7.17 7.15 - -
Sulfury content:
vol % 18.6 18.2 75.8 86.3
wt % 20.3 19.66 76.9 87.3
Degree of arene recovery, % - - 494 49.5
Table 3. Results of testing of transformer oil
Characteristic Standard value Actual value
Kinematic viscosity at 50°C, mm? s
a 50°C, no more than 9 7.88
a —-30°C, no more than 1500 977
Acid number, mg KOH g oil, no more than 0.02 Not detected
Flash point, °C, no less than 135 163
Water-soluble acids and bases Not detected Not detected
Mechanical admixtures " "
Solidification temperature, °C, no higher than -45 -53
Copper corrosion test Passed Passed
n&, no more than 1.4950 1.4890
Color units, no more than 1.0 0.5
Oxidation resistance:
volatile low-molecular-weight acids, mg KOH g oil, no more than 0.005 0.002
weight fraction of oil foot, %, no more than 0.01 0.004
acid number of oxidized oil, mg KOH g‘1 oil, no more than 0.1 0.01
Dielectric loss tangent, %, no more than 2.2 0.24
Density at 20°C, gcm3, no more than 0.895 0.890

(their loss with the extract is about 7% of the esti-
mated total in the raw material).

To increase the solvent extraction selectivity and
the arene content in the extract, we increased the
pentane : raw material weight ratio to 1:1. Simul-
taneoudly, the aqueous methyl Cellosolve: raw ma
terial weight ratio was increased from 3:1 to 4: 1,
to maintain the attained degree of recovery of arenes
and aso their content in the raffinate. The other con-
ditions of countercurrent extraction remained un-
changed. The results of experiment no. 2 are given in
Table 2.

The results show that the arene content in the ex-
tract increased by more than 10%, and the raffinate
yield, by 2.4% (Table 2). The loss of saturated hydro-
carbons with the extract decreased from 7 to 3.4% of
the theoretical total amount in the raw materidl, i.e.,

by more than half. The higher aromaticity of the ex-
tract in experiment no. 2 is demonstrated also by the
physicochemical characteristics (increased density and
refractive index). In this case, the raffinate quality was
somewhat improved aso, i.e., in experiment no. 2, we
reached more selective separation of the raw material
into aromatic and paraffin fractions.

Pentane and the major part of methyl Cellosolve
were removed from the extract and raffinate phases by
distillation on a20 TP column. Small amount of resid-
ua methyl Cellosolve (1.5-3.0% against the total in
the raffinate and extract) was stripped with water.
The methyl Cellosolve can be also removed from the
raffinate and extract by purging with an inert gasasin
the industrial process for selective refining of Texaco

oils [7].
The raffinate obtained under the optimized condi-

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



PREPARATION OF TRANSFORMER OIL BODY

tions was additionally refined by adsorption on
bleaching clay, which was taken in amount of 3%
against the raffinate. Then Agidol oil additive was
added (3%). Test results for the resulting transformer
oil revealed that the product meets the requirement of
TU (Technical Specifications) 38.401-58-49-92 for
TKp transformer oil in all respects (Table 3).

CONCLUSIONS

(1) Five-step countercurrent extraction of arenes
and organoelement compounds from the 300-350°C
fraction of low-paraffinicity oil at 4:1 aqueous
(5% water) methyl Cellosolve to raw material and
1:1 pentane to raw material weight ratios allowed
a decrease in the sulfury content from 30 vol % in
the initial raw material to 18 vol % in the extract. In
this case, the yield of the raffinate was about 82%,
and the arene content in the extract, 87%, demonstrat-
ing sufficiently high selectivity of the process.

(2) Transformer oil obtained on the basis of the
above raffinate meets the requirements of TU 38.401-
58-49-92 in all respects leaving a wide margin. For
example, the dielectric loss tangent was 0.24% against
2.2% by standards.
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Abstract—A raffinate meeting the requirements for the hydraulic oil body was obtained from the 225-290°C
fraction of low-paraffinicity oil by extraction refining with agueous methyl Cellosolve in the presence of

pentane.

At the Slavneft-Mendeleev Yaroslavl Oil Refining
Plant, Open Joint Stock Company, hydraulic oils are
produced from the 200-300°C fraction of Troitsk-
Anastasievsk oil. The aromatic hydrocarbon content in
this fraction is about 25% (hereinafter wt %, unless
otherwise stated). However, according to existing
technical specifications, the optimal content of aro-
matic hydrocarbons in environmentally friendly low-
viscous hydraulic oils and fluids should be no more
than 5.5% [1-3].

Low-aromaticity neutrals are obtained by hydro-
genation of the kerosene-gas-oil fraction of aromatic-
base crude oil; however, to prevent cracking, hydro-
genation of arenes into cycloalkanes should be per-
formed at high pressure (~28 MPa), which requires
high capital investments and power inputs [2]. White
oils (medicinal, perfume, compressor, and cable oils)
with an arene content of 0.5-2% are produced by
sulfonation with oleum or sulfuric anhydride [4].

Sulfonation of arenes is also used for manufacture
of AMG-10 hydraulic oil. However, this method does
not meet the modern environmental requirements,
because of formation of large amounts of acid tar to
be neutralized or disposed of.

Therefore, white oils are now produced beyond
Russia mostly using a two-stage process involving
hydrofining (to remove organoelement compounds)
followed by hydrocracking at a pressure of 25-35
MPa on Pt, Pd, and Ni catalysts [4]. Redlization of
such a high-pressure two-stage process also requires
high capital investments and power inputs. The goal
of thiswork is to check the possibility of manufactur-
ing hydraulic oil body by extraction refining of the

225-290°C fraction of low-paraffinicity oil using a
relatively low-boiling extraction system readily regen-
erable by distillation. Previously, a procedure was
proposed for manufacturing the component of pol-
lution-free diesd oil from the dewaxed 200-320°C
fraction using the methyl Cellosolve-water—pentane
extraction system [5]. The same extraction system was
successfully employed for manufacture of the trans-
former oil body from the 300-350°C fraction of low-
paraffinicity oil [6]. However, hydraulic oil produc-
tion requires deeper dearomatization of the raw ma
teria as compared to both transformer oil and diesel
fuel production.

EXPERIMENTAL

As a raw material we used a fraction of Troitsk—
Anastasievsk oil, whose characteristics were as fol-
lows: fraction composition (°C): 225 (initial boiling
temperature), 233 (10%), 248 (50%), 273 (90%),
283 (95%), and 290 (dry point); density p3° 0.861, re-
fractive index nd’ 14750, arene content 22.8%,
sulfur content 0.07%, kinematic viscosity at 50°C
2.2 mm?s?, and flash point (open vesse) 96°C.

For extraction refining of the 225-290°C fraction,
we selected the methyl Cellosolve-water—pentane ex-
traction system (process temperature 30°C, five steps
of countercurrent extraction). These basic parameters
of the process were taken the same as in extraction re-
fining of the 300-350°C fraction, in order to use
the same installation for manufacturing both the hy-
draulic and transformer oil bodies from different raw
materials.
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Table 1. Parameters of countercurrent extraction refining
of the 225-290°C oil fraction (1: 1 pentane to raw ma-
terial weight ratio)

Experi- |Water content in methyl | Solvent : raw ma-
ment no. Cellosolve, wt % terial weight ratio
1 2 4:1
2 2 7:1
3 4 8:1

To adapt the processes to the 225-290°C fraction,
we only changed the water content in the solvent and
the solvent to raw material weight ratio (Table 1).

Extraction experiments were carried out using a
system of five thermostatically controlled separating
funnels [7]. In light of the need in deeper refining
of the 225-290°C fraction as compared to the trans-
former oil fraction, to enhance the solvency of methyl
Cellosolve, in pilot experiment nos. 1 and 2 we
reduced the water content in the solvent from 5 to 2%.
Note that the use of anhydrous methyl Cellosolve is
impracticable because of the low critical temperature
of dissolution in pentane (32°C).

Table 2 shows that, in experiment no. 1, we failed
in attaining the desired arene content in the raffinate.
To increase the degree of arene recovery, in experi-
ment no. 2 we increased the solvent to raw material
volume ratio from 4:1 to 7: 1, al other conditions
being equal. In this case we obtained the raffinate
of the desired quality. However, in this case, the ex-
traction selectivity was insufficient: the arene content
in the extract was below 60%, and the loss of satu-
rated hydrocarbons with the extract, 13.16% (counting
on the raw material) or 17% of their potential content
in the raw material.

Therefore, to increase the process selectivity, in
experiment no. 3 we increased the water content in

methyl Cellosolve to 4%. At the same time, we in-
creased the solvent to raw material volume ratio to
8: 1, to maintain the desired quality of the raffinate.
The results of experiment no. 3 are better in al re-
spects as compared to experiment no. 2: lower arene
content in the raffinate and higher raffinate yield,
arene content in the extract, and degree of arene re-
covery. The loss of saturated hydrocarbons with
the extract in experiment no. 3 decreased to 11.58%
(counting on the raw material) or to 15% of their
potential content in the raw material.

It is possible to further improve the process selec-
tivity, i.e.,, to increase the raffinate yield and arene
content in the extract and to decrease the loss of satu-
rated hydrocarbons with the extract. However, for this
purpose, we should further increase the solvent to raw
material and pentane to raw material ratios, which will
inevitably increase the power consumption for regen-
eration of the solvents and also in the capital cost
due to the need in increasing diameter of the extractor
and didtillation columns.

The results show that extraction refining of the
225-290°C fraction of Troitsk—Anastasievsk oil
requires more stringent process conditions, including
higher solvent to raw material ratio, as compared to
those used in extraction of arenes from the denormali-
zation products from the Parex plant (Kirishinefteorg-
sintez Production Association) [8]. This is caused by
predominance in Troitsk-Anastasievsk oil of poly-
cycloalkanes and highly branched alkanes, which are
more readily soluble in polar solvents, particularly, in
methyl Cellosolve, as compared to monocycloakanes
and monomethylalkanes of the diesel fraction of West
Siberian oils.

In this work, methyl Cellosolve and pentane were
recovered from the extract and raffinate phases by dis-
tillation on a 20 TP column. Small residua amounts
of methyl Cellosolve (~2%) were removed from the

Table 2. Characteristics of the raffinate and extract obtained in experiment nos. 1-3

Experiment no. 1 Experiment no. 2 Experiment no. 3
Characteristic

raffinate extract raffinate extract raffinate extract
Yield, % 78.1 219 67.5 325 68.7 313
&’ 1.4651 - 1.4612 - 1.4609 15112
p30 - - - - 0.836 0.910
Sulfury content, vol % 8.0 - 45 - 4.0 63.1
Arene content, % 8.3 75.6 51 59.5 45 86.5
Degree of arene recovery, % - 72.6 - 84.8 -
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Table 3. Results of testing the raffinate as the AMG-10 hydraulic oil body

Characteristic

Density at 20°C, gcm3, no more than
Initial boiling temperature, °C, no higher than
Kinematic viscosity at 50°C, mm? s

at 50°C, no less than

a -30°C, no less than
Flash point in closed vessel, °C, no less than
Solidification temperature, °C, no higher than
Mechanical admixtures, %
Moisture content, %
Sulfury content, vol %, no more than
Aniline point, °C, no lower than*
Acid number, mg KOH g oil, no more than
Rubber swelling in AMG-10 oil, %, no more than

Standard value (TU 38.301-29-21) | Raffinate from run no. 3
0.850 0.837
210 225
2.2 2.2
200 142
93 105
_72 -72
45 4.2
- 1.4595
76.5 704
0.03 0.02
4-7 6

* This characteristic of AMG-10 is not critical for rejection.

extract and raffinate by agueous stripping. In the
large-scale process, methyl Cellosolve residuals can
be removed from the extract and raffinate not by
agueous washing, but by live steam distillation or
purging with an inert gas.

In extraction refining of relatively light fractions
with methyl Cellosolve, the possibility of formation
of azeotropic mixtures with hydrocarbons boiling
below 200°C should be taken into account.

It is known that azeotropic mixtures characterized
by positive deviation from the Raoult's law are
formed if the following condition is realized [9]:

R > PSP

where y(l) is the activity coefficient of the hydrocarbon
a _infinite dilution in the azeotropizer component and
PY and P9 are the saturated vapor pressures of the
hydrocarbon and azeotropizer component at the boil-
ing point of the azeotropic mixture.

With arenes, methyl Cellosolve forms systems
characterized by small deviations from ideality (activ-
ity coefficient of arenes in methyl Cellosolve at in-
finite dilution y® ~3-5). Therefore, methyl Cellosolve
having bp 124.4°C can form azeotropic mixtures only
with arenes whose boiling point differs from that of
methyl Cellosolve by no more than 30°C, i.e., with
such solvents as toluene, xylenes, and cumene, but not
with mesitylene (bp 164.7°C) and arenes C,,.

The limiting activity coefficients of saturated hy-
drocarbons in methyl Cellosolve are considerably

higher. Therefore, methyl Cellosolve can form azeo-
tropic mixtures even with decane (bp 174.6°C) [10].
Also methyl Cellosolve can form tangential azeotropic
mixtures with undecane (bp 195.6°C) and branched
akanes Cq;.

The initial boiling temperature of the fraction in
hand is 225°C (standard distillation), which corre-
sponds to an initia boiling temperature of about
200°C on the actual boiling point curve. Therefore, the
225-290°C fraction should contain no C;; akanes,
and we observed no formation of azeotropic mixtures
of methyl Cellosolve with hydrocarbons in solvent
regeneration.

However, if the initia boiling temperature of a
fraction were lower by 10-15°C, it is not improbable
that C,; akanes capable of forming azeotropic mix-
tures with methyl Cellosolve would enter this fraction.
In this case, the process flowsheet should include
separators for these azeotropic mixtures. However, no
oiling of methyl Cellosolve with hardly removable
trace arenes will occur even if the initial boiling tem-
perature under standard distillation conditions is
lowered to 190-200°C.

The raffinate obtained after extraction refining of
the 225-290°C fraction of low-paraffinicity oil meets
the basic requirements of TU (Technical Specifica-
tions) 38.301-29-21 for AMG-10 hydraulic oil body
(Table 3).

Thus, AMG-10 hydraulic oil body can be manufac-
tured by extraction refining of the 225-290°C fraction
of low-paraffinicity oil. This method should be con-
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Sidered as an aternative to sulfuric acid refining as
an environmentally unfavorable process, as well as
hydrogenation as requiring the use of pure hydrogen
and high-pressure equipment.

CONCLUSION

Five-step countercurrent extraction refining of the
225-290°C fraction of low-paraffinicity oil containing
23% arenes, at 8:1 solvent (methyl Cellosolve-4%
H,0) to raw material and 1 : 1 pentane to raw materi-
al weight ratios, allowed decrease in the sulfury con-
tent in the raffinate to 4.5 vol % (raffinate yield about
69%). The raffinate thus obtained meets the require-
ments to the AMG-10 hydraulic oil body.
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Abstract—Liquid-phase ozonolysis of asphaltenes from the semicoking tar of G17 coal was studied.

In structural studies of asphaltenes, ozone is of
particular interest as a specific agent cleaving double
bonds [1-9]. Identification of low-molecular-weight
(water-soluble) and high-molecular-weight (water-
msoluble) products of asphatene ozonolysis by H
and 13C NMR spectroscopy, gas chromatography—
mass spectrometry (GC-MS), gas-liquid (GC) and
thin-layer (TLC) chromatography, UV/Vis spectros-
copy, and ESR alows detailed characterization of the
molecular structure of asphaltenes of various origins,
which, in turn, is necessary for their efficient appli-
cation.

In this work we studied liquid-phase ozonolysis of
asphaltenes from the semicoking tar of G17 coal.

EXPERIMENTAL

Coal characteristics; moisture content W4 2.9, ash
residue A® 8.7, yield of volatiles V¥ 36.6% (based
on air-dry coal); elementa composition, % daf: C
80.8, H 5.7, N 1.0, O 11.7, Si;; 0.8. Yield of semi-
coking tar, % of organic matter of coal (OMC): 15.1;
chemical group composition of semicoking tar, % of
anhydrous tar: organic bases 1.15, carboxylic acids
0.85, phenols 18.96, hydrocarbons 32.90, neutral oxy-
gen-, nitrogen-, and sulfur-containing compounds
25.11, asphaltenes 86, and resinous substances + |oss
12.43 [10].

Characteristics of asphatenes: molecular weight
M = 277.5; elementa composition, % daf: C 77.8,
H 82, N 26 O 11.4; functional composition,
g-equiv mol~L: phenolic groups (PG) 0.42, quinoid
groups (QG) 0.40, keto groups (KG) 0.27, alcoholic
groups (AG) 0.38, akoxy groups (AOG) 0.22, and
heterocyclic oxygen (O.) 0.76.

In the mineral fraction of asphaltenes, we identified
by emission spectrum, X-ray fluorescence, and X-ray

phase analyses the following elements: Fe, Mg, Al,
Si, Ti, Ni, Sn, Sb, V, Mn, Cr, Zn, Zr, Pt, Rh, Hg, Ge,
Ga, Pb, Ca, Na, K, Ce, Co, and Nd. The IR spectra
of asphaltenes contained absorption bands (v, cm™)
of the following structural fragments. aromatic rings
(3030-3080, 1600, 1500, 1440-1465), with the in-
creased intensity of the bands at 1600 and 1500 sug-
gesting formation of fused structures; CH, groups
exhibiting stretching (2840, 2940, 2925, 2850) and
bending (720-740, 970, 1470) vibration bands, whose
high intensity suggests high content of hydrogenated
rings; phenolic hydroxyls (3570-3670, 1140-1230,
1310-1410); methoxy groups (2850); quinoid groups
(1645, 1665, 1675, 1745); cyclic and naphthenic alco-
hols (1030-1120, 1260-1350, 3630-3700); oxygen-
and nitrogen-containing heterocycles (1565, 1500,
1015-1030, 845-870, 740-800).

Asphaltenes have relatively high molecular weight
(154-589); they contain alicyclic, aromatic, and het-
erocyclic rings fused in the linear or angular fashion.

From the practica viewpoint, one of promising
ways of asphaltene processing is homogeneous pyrol-
ysis, as it can yield additional amounts of hydrocar-
bons and other valuable products. However, the yield
of pyrocarbon is relatively high, which calls for devel-
opment of alternative procedures for processing as-
phaltenes. One of such procedures is ozonolysis.

Homogeneous ozonolysis of asphaltenes was per-
formed in an installation consisting of an ac generator,
an ozonizer equipped with a water-cooled jacked and
tungsten electrodes, a bubbling reactor, a temperature
control system, a control valve for feeding air, and a
bottle packed with silica gl ASKM for drying the air
fed to the ozonizer. The volume fraction of ozone in
the ozone-air mixture was 2.5%. The reaction was
performed in chloroform at 20+1°C for 30 h. The
optimal reaction time was chosen in a series of pre-
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liminary experiments in the course of which samples
of the reaction mixture were taken and analyzed by
TLC and IR and UV/Vis spectroscopy. The reaction
performed for a time longer than 25-30 h caused no
further significant changes in the composition of the
ozonolysis products.

Active transformations of asphaltenes under the
action of ozone start after an induction period (2-3 h)
and are the most significant in the first 12-15 h. The
ozonolysis mechanism is not unambiguous and con-
stant throughout the process, as judged from the trends
in variation of the content of various functional groups
with time.

In the first stage of the process, the content of
aromatic rings drastically decreases, and ozonides are
formed. The content of phenolic groups and hetero-
cyclic oxygen drastically decreases also, but the rela-
tive content of quinones somewhat increases.

This is followed by decomposition of ozonides and
formation of carboxy and keto groups with dramatic
decrease in the content of quinoid groups. Finaly, the
amount of aliphatic substituents decreases and naph-
thenic rings are cleaved, which is indicative of the oc-
currence of radical oxidation with atomic and molecu-
lar oxygen formed by partial decomposition of ozone.

Thus, the revealed trends in transformations of
asphaltenes in the course of ozonolysis alow an im-
portant conclusion that there are two reaction path-
ways: classical ozonolysis involving cleavage of peri-
pheral aromatic rings and heterocycles via ozonides
and radical oxidation with atomic and molecular oxy-
gen, apparently occurring after saturation with ozone
of the multiple bonds in aromatic rings.

The mechanism of cleavage of “internal” aromatic
rings in fused asphaltene structures is different and
apparently involves intermediate formation of qui-
nones, which accounts for a certain increase in their
content in the initial stage of ozonolysis.

The induction period is most probably due to the
slowest stage of the process, addition of ozone to
multiple bonds with the formation of ozonides. Then,
as the ozonides decompose, the rate of asphaltene
oxidation by various pathways sharply grows.

Thus, the kinetic features of ozonolysis reveaed by
prompt analytical procedures form a theoretical basis
for controlling the process so as to stop it at the re-
quired stage, in particular, at the stage of ozonide
formation.

After ozonolysis completion, the reaction mixture
was refluxed with distilled water for 2 h to fully

decompose ozonides, and the organic and agueous
phases were separated in a separatory funnel. The
weight gain of the organic phase after removal of the
solvent was 66.15 wt %.

To identify acidic components of the aqueous layer,
the aqueous phase was chromatographed on an acti-
vated Silufol plate in the system ethanol-25% ammo-
nia-water (volume ratio 50:15:25). A reference
mixture of acids was chromatographed simultaneous-
ly. The plates were developed under UV light (254
and 366 nm) and then sprayed with a 0.25% solution
of Bromocresol Purple (reagent for carboxylic acids)
and a 0.2% solution of diazotized p-nitroaniline (re-
agent for phenols).

We identified oxalic (the major component of
water-soluble products), salicylic, succinic, benzoic,
and phthalic acids.

An aliquot of the aqueous layer was titrated poten-
tiometrically with 1 N agueous-alcoholic KOH. From
the first potential jump corresponding to titration of
oxalic acid, we evaluated its yield: 22.5% based on
the initial asphaltenes.

The composition of organic products of asphaltene
ozonolysis was found by combination of the data of
IR and UV/Vis spectroscopy, cryoscopy, elementa
and quantitative functional analysis, and TLC.

Under the optimal TLC conditions (petroleum
ether—acetone-benzene, volume ratio 25: 40 : 15), we
obtained 26 close-cut fractions (see table).

It is seen that the isolated components are charac-
terized by broad ranges of the molecular weight (150
295) and composition (% daf: C 53.2-86.8, H 3.7-
13.3, and O 7.7-35.6). Among functional groups, the
carboxy and keto groups are present in the largest
amounts: 0.74-1.92 and 0.60-1.62 g-equiv mol 1,
respectively. The content of hydroxy groups is aso
significant: 0.49-0.81 g-equiv mol~%. Quinoid groups
were identified in four compounds with the content
of 1.70-1.99 g-equiv molt. Alkoxy, ester, and lac-
tone groups and heterocycllc oxygen are untypical of
the isolated components: only two or three structures
were detected.

The presumed structural formulas of the isolated
compounds are listed below.

C@ g; slean<ia
: CoH COH

CO
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Except methyl- and dimethyldecalins, which are
the only detected hydrocarbons, the organic phase main-
ly consists of functional (mostly bifunctional) mono-,
bi-, and tricyclic compounds containing carboxy, keto,
and hydroxy groups. The high content of aromatic
rings along with naphthenic rings may be due to sec-
ondary formation of aromatic rings in the course of
ozonolysis by oxidative dehydrogenation of naph-
thenes. Quinoid structures are al the more secondary;
they are formed by intermediate oxidation of “inter-
nal” aromatic rings of the initial asphaltenes. The
carboxy and keto groups are formed by oxidative
degradation of alkyl substituents and naphthenic rings.

The whole set of our results allows certain practica
conclusions.

Firstly, mild ozonation can be successfully used as
an additional procedure for confirming the structure
of high-molecular-weight asphaltenes by converting
them into low-molecular-weight compounds, and also
for reveaing the structural correlations between the
initial and oxidized asphaltenes and for elucidating
possible transformation pathways of various compo-

:jc
Co.
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nents of oxidized asphaltenes.

For example, for several pathways of possible
transformations of one of the initial asphaltenes, we
calculated the activation energy E, by the procedure
[11] based on the assumption that the bond energies
in the activated complex are additive:

O

o
OH
©0)
—
O 27%
CoMe
)
G
o 3.1%
MeOC OH
© COH
©)
L
HO 0" 0.2%

The calculated activation energies are as follows:
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Characteristics of asphaltene ozonolysis products*

Fraction no. M, formula, elementa and functional composition
1 M 158; Ci;4Ho0g C 86.8, H 13.2
2 M 170; Cip3Ho06 C 86.7, H 133
3 M 164; CqoH;9030 C 659, H 4.8, O 29.3, CG 0.98, KG 0.91
4 M 185; Cy4Hg-044; C 60.0; H 4.4; O 35.6; CG 0.97; EG, LR 0.83
5 M 149; Cy4Hg.0,o C 73.0; H 54; O 21.6; EG, LR 0.85
6 M 160; Cg4H1g4054; C 623, H 650 312, KG 1.62, PG 0.81
7 M 150; CgsHq49054; C 67.6, H 9.9, O 225 CG 0.74
8 M 161; Cg4H4,4054; C 615 H 7.7, O 30.8, CG 0.76, KG 0.70
9 M 165; C,3H.54045 C 532, H 6.3, O 405, CG 0.75, KG 0.63, AG 0.72
10 M 187; Cq4Hg-045 C 60.0, H 44, O 356, CG 1.82
11 M 211; Ci34H»50,45 C 743, H 105, O 152, KG 0.60, AG 0.70
12 M 180; CgysHq45055 C 635, H 82, O 28.3, CG 0.88, O. 0.74
13 M 190; Cg,Hq43044; C 581, H 7.5 O 344, CG 0.80, AG 0.68, O, 0.70
14 M 169; CgeHi50030; C 60.8, H 8.9, O 30.3, CG 0.82, AG 0.74
15 M 203; CigoH163044; C 60.0, H 80, O 320, CG 0.75, KG 0.68, AG 0.62
16 M 204; Cy;13H1560534; C 66.7, H 9.1, O 242, CG 0.77, AG 0.60
17 M 198; Cy15H195054; C 695 H 53, O 252, CG 0.97, KG 0.87
18 M 170; CigsH1950,4; C 74.1; H 6.2, O 19.7; EG, LR 091
19 M 185; Cig4H104034; C 674, H 5.6, O 27.0, AG 0.65 QG 1.85
20 M 220; Cy,,Hg4044; C 66.7, H 3.7, O 29.6, CG 0.94, QG 1.92
21 M 229; Ci55H1930,4; C 811, H 45, O 144, QG 1.99
22 M 214; Ci44H1550,5 C 79.2, H 5.7 O 151, KG 0.90, AOG 0.71
23 M 216; Ci56H1250,0; C 865 H 58, O 7.7, AOG 0.74
24 M 215; Ci34H191030; C 729, H 4.7, O 224, CG 0.83, KG 0.92
25 M 250; Ci4gHgg039; C 709, H 3.9, O 252, AOG 0.34, PG 0.49, QG 1.70
26 M 295; CiggH139050 C 684, H 4.7, O 26.9, CG 192, KG 0.65, PG 0.68

* (CG) Cresol groups, (EG) ester groups, and (LR) lactone rings.

EL = 148.75, E2 = 168.02, and ES = 338.55 kmol L.

It is seen that pathway (3) with the highest activa-
tion energy is characterized by the yield as low as
0.2%, whereas the two other pathways whose activa-
tion energies are approximately two times lower give
~15 times higher product yields: 2.7 and 3.1%.

The contribution of pathway (1) is somewhat |ower
than that of pathway (2), despite lower E,. This may
be due to further degradation of the product of reac-
tion (1), involving the quinone ring and occurring
before the product concentration is measured.

Secondly, we have found a way of efficient pro-
cessing of asphaltene raw materials which are accum-
ulated in large amounts at petrochemical and coal-tar
chemical plants and have no applications yet.

High-molecular-weight asphaltene compounds can
be converted by ozonolysis into valuable products and
raw materials for organic synthesis. In particular, high
yield of oxalic acid (22.5% based on the initial asphal-

tenes) makes economically feasible its recovery from
water-soluble ozonolysis products. Succinic and sali-
cylic acids can be obtained as by-products.

Among the components of the organic phase, of
considerable interest are polycarboxylic acids as addi-
tional significant source of raw materials for heat-
resistant fibers, plastics, and lubricants, and also qui-
nones as starting compounds for preparing dyes.

CONCLUSIONS

(1) Homogeneous ozonolysis of asphaltenes from
the semicoking tar of G17 coa was studied, and vari-
ation of the structure of products was monitored.

(2) The ozonolysis products contain aromatic and
aicyclic structures substituted with phenolic, quinoid,
carboxy, keto, and ester groups, oxygen-containing
heterocycles, and six-membered lactones.

(3) The maor pathways of asphaltene ozonolysis
were suggested.
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Abstract—A process was developed for converting tantalum(V), niobium(V), and titanium(lV) sulfate and
chloride to their fluorides in order to improve separation of these elements.

Large deposits of rare-earth titanoniobates, |oparite
and perovskite, are located on the Kola Peninsula
Some procedures of their breakdown yield acidic sul-
fate and chloride solutions containing tantalum(V),
niobium(V), and titanium(lV) [1-5]. Numerous
studies on separation of rare metals from these solu-
tions were summarized in [6]. Especially numerous
papers deal with extractive recovery of Ta(V), Nb(V),
and Ti(lV) from chloride solutions. For example,
more than twenty papers on extraction of these metals
with tributyl phosphate were published. Increased in-
terest in this problem was caused by researchers at-
tempts to develop an extraction procedure for treat-
ment of loparite chlorination products formed in in-
dustrial processing of loparite ore in Russia [7]. How-
ever, these attempts failed. Serious problems origi-
nated from the dependence of the extractability of
Nb(V) and especially Ta(V) on the history (prepara-
tion procedures) of the solutions of these metals, from
deterioration of extractive recovery and separation
of Nb(V) from TaV) due to copolymerization of
Nb(V) with Ta(V), and of Nb(V) and Ta(V) with
Ti(IV) and Zr(IV) and other metals, and a sharp de-
crease in the extractability of Ta(V) on standing or
heating of solutions [6]. These facts, along with such
negative factors as relatively low solubility of Nb(V)
and Ta(V) in hydrogen chloride solutions, active joint
extraction of foreign metals, and their difficult re-
moval from the target metals make extractive separa-
tion of Ta(V), Nb(V), and Ti(IV) from chloride solu-
tions unfeasible. Still greater problems arise in extrac-
tive separation of Ta(V), Nb(V), and Ti(lV) from
sulfate solutions [6].

The most efficient separation and purification of
the metals under consideration is attained with fluo-
ride system, which is successfully used in industry

[8]. In this system, Ta(V), Nb(V), and Ti(IV) are
jointly extracted with organic acids from solutions
prepared by breakdown of rare-metal titanoniobates
with sulfuric or hydrochloric acids [1-5] and then are
backwashed with hydrofluoric acid. Ta(V) and Nb(V)
are recovered from the resulting fluoride solutions by
extraction with tributyl phosphate (TBP) [9] or octanol
[10]. Owing to conversion of sulfate and chloride
complexes into fluoride derivatives and the fact that
organic acids recover metals by the ion-exchange
mechanism virtually without mineral acids, the lib-
erated H,SO, and HCI can be reused for breakdown
of the initia titanoniobate [6]. After extractive re-
covery of Ta(V) and Nb(V), the spent agueous fluo-
ride solutions can be subjected to dialysis or pyrolysis
[1, 2] to obtain commercial titanium dioxide and
regenerate HF for its reuse for backwashing metals
from the organic extracts. The above-noted procedures
are promising for developing a low-waste procedure
for processing of rare metal raw materials.

Among effective organic acid extractants, the
cheapest and the most commercially available is
di(2-ethylhexyl) hydrogen phosphate (HDEHP). Our
experimental results on extractive recovery of Ta(V),
Nb(V), and Ti(IV) with HDEHP from sulfuric acid
process solutions obtained by different procedures of
breakdown of loparite, perovskite, and sphene with
sulfuric acid are listed in Table 1. The data on back-
washing of the metals are given in Table 2. In our ex-
periments we used technical-grade HDEHP containing
about 7 vol % of main component, about 7 vol % of
mono(2-ethylhexyl) dihydrogen phosphate (HoMEHP),
and isooctyl alcohol. Kerosene and RED-1 (C1,-Cqg
paraffins hydrocarbons) were used as diluents.

The extraction was performed at 18-20°C. After
one or two contacts of the organic phase with the
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Table 1. Extractive recovery of Ta(V), Nb(V), and Ti(1V) from sulfuric acid solutions with 40 vol % HDEHP solution in

organic diluent

R Content in the initia solution, M Degree of recovery, %

un ; :

no. _ Diluent VoV, _

TaV) Nb(V) Ti(1V) H,SO, TaV) Nb(V) Ti(1V)

1 0.0018 0.030 0.022 2.6 Kerosene 1:1 ~100 ~100 ~100
2 0.0018 0.030 0.022 6.5 " 16:1 ~100 ~100 ~100
3 0.0003 0.015 0.075 5.0 " 04:1 - 99.4 97.4
4 0.0003 0.015 0.075 100 |” 02:1 85.7 90.9 98.2
5 0.0003 0.015 0.075 100 |” 03:1 96.7 95.4 99.1
6 - 0.006 0.072 10.0 |RED-1 05:1 - 90.2 94.0
7 0.0025 0.015 0.22 79 |” 1:1 57 43 43
8* 0.0025 0.015 0.22 79 |” 1:1 73 63 92

* Extraction at 40°C.

Table 2. Backwashing of Ta(V), Nb(V), and Ti(IV) from 40 vol % HDEHP solution in organic diluent with 7.5 M

agueous HF
Content in HDEHP, M Degree of recovery, %
Diluent VoV,
TaV) Nb(V) Ti(1V) TaV) Nb(V) Ti(1V)
0.0020 0.050 0.063 Kerosene 10:1 ~100 ~100 72.6
- 0.012 0.14 RED-1 2:1 - 99.7 97.3
- 0.012 0.14 " 5:1 - 98.2 96.4
0.0003 0.015 0.41 " 45:1 >66 97.8 97.5

aqueous hydrogen fluoride solution, Ta(V), Nb(V),
and Ti(IV) are virtualy exhaustively backwashed
from the organic phase. Because V, is substantially
larger than V,, the target metals are concentrated in the
aqueous fluoride backwashes by a factor of about 10.
Table 1 (run nos. 7 and 8) shows that heating con-
siderably improves the extraction of the rare elements
with HDEHP. We found also that addition of neutral
oxygen-containing solvents (e.g., TBP) improves the
extractive recovery of Ta(V) and Nb(V). The amount
of this additive, however, should not be large (e.g., for
TBP, no more than 3-5 vol % ), because higher con-
centrations of additives prevent backwashing of the
metals with aqueous HF. The similar technique was
successfully used by us for converting Ta(V), Nb(V),
and Ti(IV) chlorides to their fluorides [4]. In this
process, both the degree of extracive recovery of the
rare metals with HDEHP and the degree of their back-
washing were close to 100%.

In conclusion it should be noted that the contact of
HDEHP with concentrated mineral acids should be
avoided. For example, contact of HDEHP with aque-
ous HF and H,SO, with concentration exceeding 8

RUSSIAN JOURNAL

and 10 M, respectively, results in fast decomposition
of this extractant [11].

CONCLUSIONS

(1) TaV), Nb(V), and Ti(IV) are virtualy com-
pletely recovered from aqueous sulfuric acid with
di(2-ethylhexyl) hydrogen phosphate and are back-
washed from the organic phase with agueous HF.

(2) Conversion of Ta(V), Nb(V), and Ti(IV) to
their fluorides by backwashing from the organic phase
with agueous hydrogen fluoride is promising for
development of low-waste procedures for processing
rare-earth titanoniobates.

REFERENCES

1. Sklokin, L.l., Zots, N.V., Shestakov, S.V., et al.,
Tsvetn. Met., 2000, no. 10, pp. 48-53.

2. Kdlinnikov, V.T., Nikolaev, A.l., and Sklokin, L.I.,
Tsvetn. Met., 2001, no. 12, pp. 96-98.

3. RF Patent no. 2149908.

OF APPLIED CHEMISTRY Vol. 76 No. 1 2003



CONVERSION OF TANTALUM(V), NIOBIUM(V), AND TITANUIM(IV)

. Zots, N.V., Kasikova, N.I., Kasikov, A.G,, €t al., in
Metallurgiya tsvetnykh i redkikh metallov: Sbornik
nauchnykh trudov Rossiisko-indiiskogo simpoziuma
(Metallurgy of Nonferrous and Rare Metals: Proc. of
the Russian-Indian Symp.), Moscow, 2002, pp. 10-16.

. Kalinnikov, V.T., Zots, N.V., Nikolaev, A,l,, et al., in
Metallurgiya tsvetnykh i redkikh metallov: Sbornik
nauchnykh trudov Rossiisko-indiiskogo simpoziuma
(Metallurgy of Nonferrous and Rare Metals: Proc. of
the Russian-Indian Symp.), Moscow, 2002, pp. 199
203.

. Nikolaev, A.l. and Maiorov, V.G., Ekstraktsiya nio-
biya i tantala (Extraction of Niobium and Tantalum),
Apatity: Kol’sk. Nauchn. Tsentr, Ross. Akad. Nauk,
1995.

. Elyutin, A.V. and Dozorova, R.B., in Razvitie redko-

10.

11.

155

metal’ noi promyshlennosti v Rossii na osnove lopari-
ta: Soornik trudov 1V nauchnoi konferentsii (Develop-
ment of Russian Rare-Metal Industry Based on Lo-
parite: Proc. IV Scientific Conf.), St. Petersburg,
May 22-24, 2001, pp. 102-103.

Babkin, A.G., Maiorov, V.G., and Nikolaev, A.l.,
Ekstraktsiya niobiya, tantala i drugikh elementov iz
ftoridnykh rastvorov (Extraction of Niobium, Tanta-
lum, and Other Elements from Fluoride Solutions),
Leningrad: Nauka, 1988.

Maiorov, V.G. and Nikolaev, A.l., Hydrometallurgy,
1996, vol. 41, pp. 71-78.

Maiorov, V.G., Nikolaev, A.l., Sklokin, L.I., et al.,
Zh. Prikl. Khim., 2001, vol. 74, no. 6, pp. 920-923.
Nikolaev, A.l., Maiorov, V.G., Zozulin, A.N., et al.,
Zh. Obshch. Khim., 1994, vol. 64, no. 6, pp. 941-944.

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



Russian Journal of Applied Chemistry, Vol. 76, No. 1, 2003, pp. 156-157. Translated from Zhurnal Prikladnoi Khimii, Vol. 76, No. 1,

2003, pp. 162-163.

Original Russian Text Copyright © 2003 by Vershkova, Tareeva, Iviev, Lokshin.

BRIEF
COMMUNICATIONS

Solubility of Calcium Sulfate Dihydrate in Nitric Acid at 20°C

Yu. A. Vershkova, O. A. Tareeva, K. G. Ivlev, and E. P. Lokshin

Tananaev Ingtitute of Chemistry and Technology of Rare Elements and Mineral Raw Materials,
Kola <ientific Center, Russian Academy of Sciences, Apatity, Murmansk oblast, Russia

Received June 18, 2002

Abstract—The solubility of gypsum in 0-30 wt % nitric acid solutions at 20°C was studied. The data were

compared with the results obtained at 60°C.

Methods involving preliminary leaching of calcium
ions with nitric acid show promise for recovery of
calcium-containing rare-metal raw materials (perov-
skite, sphene) [1-3]. The forming solutions contain
free nitric acid, nitrates of calcium and rare-earth ele-
ments, and, to a small extent, nitrates of other im-
purity elements. Most of calcium ions can be precipi-
tated from the leaching solution by addition of sul-
furic acid, and the nitric acid solution after concentrat-
ing can be reused to break down the concentrates.
Reuse of nitric acid solutions is also of interest due to
the fact that under certain conditions rare-earth ele-
ments do not precipitate jointly with calcium sulfate
[4] and can be accumulated in the solution and sub-
sequently recovered by extraction.

Methods are being developed for extracting lan-
thanides by nitric acid leaching of phosphogypsum,
CaSO,4-2H,0, and phosphohemihydrate, 2CaSO,-
H,0O, which are by-products in production of wet-
process phosphoric acid from Khibiny apatite concen-
trate [5-7]. In the course of leaching, phosphohemi-
hydrate recrystallizes into phosphogypsum, and cal-
cium sulfate dissolves in the nitric acid solutions.

To estimate the efficiency of the calcium ion pre-
cipitation from nitric acid leaching solutions and the
amount of calcium sulfate dissolving in nitric acid
during leaching of phosphogypsum, we determined
experimentally the dependence of the solubility of
calcium sulfate dihydrate on the nitric acid concentra-
tion at 20°C.

The solubility of calcium sulfate dihydrate in nitric
acid was studied by the isothermal method. Analyti-
cally pure grade chemicals were used. The initial solu-
tions with a prescribed HNO3 concentration and ex-
cess CaSO,-2H,0 were kept in hermetically sealed
temperature-controlled flasks at 20+0.5°C with stir-
ring until the equilibrium was attained. The process

was monitored by analysis of the liquid phase at
regular intervals for the content of Ca?* and SO3
ions by standard photometric and gravimetric proce-
dures. The presence of two endothermic peaks in the
ranges 124-150 and 178-192°C in the thermograms
and the X-ray phase analysis data for the samples of
the bottom phase confirm the existence of CaSO,-
2H,0 under the examined conditions.

As seen from the results obtained (see figure), the
dependence of the gypsum solubility on the nitric acid
concentration at 20°C passes through a maximum in
the range 22-25 wt % HNO;. Data on the CaSO,-
2H,0 solubility at 60°C [8] are presented for com-
parison. The observed direct temperature dependence
of the CaSO, - 2H,0 solubility in nitric acid confirms
the previous results [4].

The results obtained are useful for engineering cal-
culations and physicochemical substantiation of flow-
sheets for reprocessing of calcium-containing rare-
metal raw materials. In particular, we can state that

S wt %

4.5 2

351

B /

251

151

0.5
10 20 30
HNOg3, wt %

Solubility S of CaSO,4-2H,0 in nitric acid at (1) 20 and
(2) 60°C [8].
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the low residual concentration of calcium ions in
recycled nitric acid solutions must not impede their
reuse for breaking down sphene concentrate.
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Abstract—The possibility is examined of removing methyl tert-butyl ether from wastewaters by electro-

treatment.

Industrial wastes from gas-condensate stabilization
plants contain methanol, sodium carbonate and hydro-
carbonate, tert-butanol, isobutene dimers, and methyl
tert-butyl ether CH;OC(CH3); (MTBE). The standard
flowsheet of wastewater treatment in such plants in-
cludes hydrocyclones, oil removers, floatation mach-
ines, and tanks for treated wastewater. A line of
wastewater treatment to remove MTBE and associated
acetone, dimeric isobutene, methanol, and hydrocar-
bons is connected in parallel. MTBE cannot be oxi-
dized biochemically. At the input of the line, the
MTBE concentration amounts to 20—-40 mg g‘l. At
the output, it should be no more than 0.001 mg g+
The facilities and pipelines should be leakproof.

At the Surgut gas-condensate stabilization plant,
the output of the treatment plant for remova of
MTBE is 4.0 m3 day . The chemica oxygen demand
(COD) of the wastewater to be treated is7 gI , the
oil product content, 100-200 mg 1-%, and pH 6. 5—8 5
The MTBE concentration at the output is 10 mg I‘
and that of the suspended material, up to 100 mg 11

The use of electrotreatment for such wastes was
reported in [1-5]. In this work we studied the effi-
ciency of electrotreatment to remove MTBE from
wastewaters containing 14.5 mg I~ MTBE in the
presence of 68 g 1™t methanol. The concentrations of
MTBE, methanol, tert-butanol, and hydrocarbons
were determined chromatographically, using a thermal
conductivity detector. Electrotreatment was performed
with an Akvalon electrode array [3, 4] (voltage on
the flat electrodes 24 V, interelectrode distance 3-
4 mm, and power consumption 40 W).

The electrode array consisted of four plates
14.5 cm high (two of them 6.4 cm wide, and two,
3.9 cm). Such an electrode arrangement allowed both
uniform or nonuniform electrical field conditions.

As filters we used foamed propylene fiber cartridges
(horizontal filtration to the center; countercurrent
washing with water). In one series of experiments we
used aluminum electrodes (treatment time 120 min
using 6-min pulses and 1-min breaks) and in the other
series, large-width aluminum internal electrodes and
small-width iron external electrodes (treatment time
60 min with the same pulses). The dispersion formed
in the course of electrotreatment was agitated in
breaks between pulses.

After electrotreatment with the aluminum electrode
array, the MTBE concentration decreased from 14.5 to
6.8 mg|™. More considerable effect was observed
with the combined electrode array. We failed to re-

cover MTBE exhaustively. The methanol concentra-

tion decreased to 60.7 g I~ 1 after electrotreatment Wrth
combined electrode array for 30 min and to 42 g1t
after treatment with Al electrode array for 60 min.

One more series of experiments was performed, to
determine the efficiency of electrotreatment of waste-
waters formed after regeneration of reforming coI
umns, containing Na,CO3, Na,SO3, and 101 mg I~
of iron ions (pH 7.5, dry residue 9500 mg -1 ). After
electrotreatment with Al electrode array for 60 min,
the dry residue was 9540 mgI and iron concentra-
tion, 0.41 mgl~L; and wrth the combined electrode
array, 9340 and 0.7 mgl~, respectively.

Increased efficiency of wastewater treatment in the
electrical field is due to the fact that, in this case,
coagulation with participation of organic molecules
[5] and associates is followed by their chemisorption
on some coarser aggregates formed from the regen-
erated coagulant [Fe(OH), + Fe(OH)3 + AlI(OH)4] and
multiple-charged Al and Fe cations. Because of the
weak polarity, the common electrokinetic effects can
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be only partly manifested in the course of coagulation.
At the same time, certain contributions to this process
are provided by dielectrophoresis, including dipolo-
phoresis [1].

CONCLUSION

The use of external uniform or nonuniform elec-
trica fields at a strength of up to 100 V cm™ for treat-
ing industrial wastewaters from gas condensate stabili-
zation plants allows reduction of the contents of such
oxygen-containing organic fuel additives as methyl
tert-butyl ether and methanol.

1
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Abstract—1,3-Bis(trialkylammonio)-2-propanol dihalides were prepared, and their retardant activity was

studied in relation to the chemical structure.

No retardants (compounds inhibiting the growth
of plant pedicels and increasing their productivity)
effective toward rape are known [1]. Relatively low
retardant activity is exhibited by N, N-dimethylmor-
pholinium [2, 3] and N, N-dimethylpiperidinium [4]
chlorides.

With the aim of revealing a correlation between the
retardant activity and chemical structure and of search-
ing for new retardants effective toward rape, we have
converted 1,3-bis(dialkylamino)-2-propanols la-Ic
[5-7] into 1,3-bis(trialkylammonio)-2-propanol diha-
lides lla-llc, Illa-lllc, and 1Va-IVc and studied
their biological activity. Quaternization was performed

with iodomethane, 1-chloro-2-propene, or benzyl
chloride:
R,NCH,CHOHCH,NR,
la-Ic

R'X
—Z= 5 [RR,N*CH,CHOHCH,N*R,R]2X",

Ila-llc, Illa-lllc, IVa-IVc

where NR, = N(C,Hg), (1a), piperidino (Ib), morpho-
lino (Ic); NRy = N(CoHg),, R = CHg, X =1 (l1a);
R' = CH,CH=CH,, X = ClI (I1b); R = CH,CgHg, X =
Cl (I1c); NR, = piperidino; R = CHg, X =1 (Illa);
R' = CH,CH=CH,, X = CI (Illb); R" = CH,CgHs,
X = CI (Illc); NRy, = morpholino; R' = CHg, X =1
(IVa); R = CH,CH=CH,, X = Cl (IVb); R = CH,-
CeHs, X = CI (Vo).

The yield was 85-99%. The composition and struc-
ture of the compounds were proved by UV and H
NMR spectroscopy and by eemental analysis (see
table). The absorption band of the aromatic ring in the
UV spectra of Ilc-IVc is located at about 264 nm

(loge = 2.8-3.0), and the chemical shift of the hy-
droxyl proton in the 'H NMR spectra of I1a-1Va, in
the region of 6 = 4.9 ppm.

The retardant activity was studied with respect to
rape plantules and roots under laboratory conditions
[8] and in field experiments.

The height, diameter, anatomic structure, and resis-
tance to lodging of pedicels, and the plant productiv-
ity were estimated [9].

We found that salt 1Vb inhibits the growth of rape
plantules and pedicels, appreciably increases the green
and dry weight of roots, and stimulates formation of
components of rape harvest as compared to the con-
trol. Compounds I1a, Ilc, Il1a-lllc, IVa, and IVc are
considerably less active or inactive at all. Thus, re-
placement of the morpholine fragment in the molecule
of IVb by the piperidine or diethylamine fragments,
as well as replacement of the 2-propenyl substituent
by methyl or benzyl substituents, sharply decreases
the retardant activity toward rape.

EXPERIMENTAL

The UV spectra were taken on a Specord UV-VIS
spectrophotometer in 95% ethanol, and the 1H NMR
spectra, on a Tesla BS-487C spectrometer (80 MHz,
solvent CF3CO5H, interna reference TMS).

1,3-Bis(N, N-dialkyl-N-methylammonio)-2-pro-
panol diiodides Ila-1Va. lodomethane (42.6 g,
0.3 mol) was added dropwise with stirring to 0.1 mol
of la-Ic. The mixture was kept at 50-60°C for 0.5 h

1 Field experiments were performed in the pilot area of the
Lithuanian Institute of Agriculture (Dotnuva Academy).
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Yields, melting points, and elemental analyses of Ila-llc, Illa-lllc, and IVa-IVc
Found, %/Calculated, %
Compound | Yield, % mp, °C Formula
C H Cl N

lla 0 156-157 31.96/32.11 6.70/6.63 —/- 5.88/5.76 | C;3H3,1,N,0
a 91 194-196 35.60/35.31 5.99/6.32 —/- 5.52/5.49 |C;5H3,1,N,0
IVa 85 235-237 30.52/30.37 5.37/5.49 - 5.21/5.45 |C;3H,g1,N,04
b 98 204-205 57.52/57.45 | 10.28/10.21 | 20.03/19.95 | 7.81/7.88 |C;7H35CI,N,O
b 98 201-203 60.31/60.15 9.62/9.56 18.77/18.69 | 7.54/7.38 |C;gH35CI,N,O
Vb 86 168-170 52.90/53.26 8.83/8.41 18.11/18.50 | 7.07/7.31 |C;7H3,CI,N,04
llc 99 205-206 66.06/65.92 8.81/8.85 15.42/15.57 | 6.24/6.15 |CygH,oCloN,O
[llc 85 234-235 67.70/67.63 8.44/8.41 14.88/14.79 | 5.83/5.84 |Cy7H,oClo,N,O
Ve 92 180-183 | 62.23/62.11 | 7.76/751 | 14.89/14.67 | 5.62/5.79 |C,sH35CI,N,04

and cooled to 20°C; the precipitate was filtered off,
washed with anhydrous diethyl ether, dried in a vac-
uum, and recrystallized from acetone-ethyl acetate
(1:3 by volume).

1,3-Bis(N, N-dialkyl-N-2-propenylammonio)-2-
propanol dichlorides [1b-IVb. A mixture of 0.1 mol
of la-Ic and 30.6 g (0.4 moal) of 1-chloro-2-propene
was refluxed for 60 days and cooled; the precipitate
was worked up as described for Il1a-1Va and recrys-
tallized from acetone-ethyl acetate (1: 5 by volume).

1,3-Bis(N, N-dialkyl-N-benzylammonio)-2-
propanol dichlorides Il1c-IVc. A mixture of 0.1 mol
of la-Ic and 50.6 g (0.4 mol) of benzyl chloride was
heated at 100°C for 50 h and cooled; the precipitate
was worked up as described above for lla-1Va.

CONCLUSIONS

(1) A procedure was developed for preparing 1,3-
bis(trialkylammonio)-2-propanol dihalides by N-alky-
lation of 1,3-bis(dialkylamino)-2-propanols.

(2) Among the compounds prepared, 1,3-bis(N-2-

propenylmorpholinio)-2-propanol dichloride exhibits
retardant activity toward rape.
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BOOK
REVIEWS

Gaile, A.A., Proskuryakov, V.A., Semenov, L.V., Pul’'tsin, N.M .,
Parizheva, N.V., Zakharov, A.P., Apter, Yu.M., and
Solodova, N.I., Predel’ nye koeffitsienty aktivnosti uglevodorodov:
Spravochnik (Limiting Activity Coefficients of Hydrocarbons
in Specific Solvents: A Handbook), Gaile, A.A., Ed.

St. Petersburg: Sankt-Peterburg. Gos. Univ., 2002

The handbook covers experimental activity coef-
ficients of hydrocarbons C5-Cg, including alkanes,
cycloalkanes, alkenes, alkadienes, alkynes, and arenes
a infinite dilution in more than 500 polar solvents,
obtained by GLC at the St. Petersburg State Tech-
nologica Institute. Note that a significant part of these
data was previousy published only in dissertations.

It follows from comparison with the fundamental
handbook (Gmehling, J., Menke, J., and Schiller, M.,
Activity Coefficients at Infinite Dilution, Frankfurt on
Main, 1994) that the reviewed handbook covers more
than a half of al the known selective solvents. Data
given in this handbook are of importance for choosing
optimal separating agents in extraction, extractive and

azeotropic distillations, and absorption, i.e., in the
processes widely used in oil-refining and petrochemi-
cal industries. Data on the limiting activity coef-
ficients of hydrocarbons can be used for predicting
their solubility, and the selectivity of a solvent can be
judged from the activity coefficient ratios of com-
ponents to be separated. Also these data are widely
used in modeling phase equilibria liquid-liquid and
liquid-vapor using semiempirical Wilson, NRTL,
UNIQUAC, and other equations.

The handbook is of interest for specialists working
in the fields of physical chemistry, oil processing,
and petrochemistry.

I. V. Tselinskii
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BOOK
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Blinov, L.N., Khimiko-ekologicheskii slovar’-spravochnik
(Chemical-Ecological Dictionary—Reference Book)
St. Petersburg: Lan’, 2002, 272 pp.

In recent decades, such disciplines as ecology, safe
mode of life, ecological chemistry, and chemistry of
the environment have appeared in the curricula of sec-
ondary- and higher-school institutions. The increasing
attention is given to preservation in quite a number of
other general and specia courses. In this connection,
numerous special terms have appeared, not used wide-
ly previously. The chemical-ecological dictionary—
reference book under discussion is the first publication
of this kind, which is intended to serve to a wide
audience of readers, and schoolchildren and junior
students in the first place. The book, written in well-
understandable manner, presents interpretation of
about 1400 various terms of generally chemical and
ecological nature.

The first edition of the reference book, considered
here, proves to be much more “chemical” than “eco-
logical,” despite the apparent conventionality of such
a distinction. No more than 8-10% of the total num-
ber of entries are devoted, according to our estimate,
to ecological terms proper. Sufficiently detailed evi-
denceis given about all elements of the periodic table,
much attention is given to the terminology used to
describe the chemical bond (atomic and molecular
orbitals, bonding molecular orbital, metal-metal bond,
chemical bond), to issues concerning the nomencla-
ture of chemical compounds (systematic nomenclature
of anions, cations, acids, acid and basic salts, bases,
oxides, organic compounds).

The book written by L.N. Blinov, a known spe-
cialist, professor of St. Petersburg State Polytechnic
University, can well be used as additional textbook of
chemistry in awide variety of educationa institutions.
It seems advisable to enhance, in subsequent editions
of the book, its ecological component by including
entries concerning the pollution of the environment
with heavy metals, and mercury in the first place,
evidence about radiation accidents that have occurred
in Russia and their consequences. Such compounds as
tetraethyllead, fluorochloromethanes, and dioxins
deserve separate consideration. It would be well to
characterize potassium superoxide, the most important
component of formulations serving to evolve oxygen
and absorb carbon dioxide in self-contained objects.
When considering metals, it would be appropriate to
specify the amount of their production in Russia and,
in some cases, place emphasis on the environmental
problems associated with their manufacture. This, in
particular, refers to aluminum, whose manufacture
inflicts severe damage on the environment, is accom-
panied by discharge of fluoride compounds, and pos-
sibly leads to formation of benzopyrene in anode mass
baking.

Blinov has demonstrated a rather valuable initia-
tive, which deserves any kind of support.

A. G. Morachevskii
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ANNIVERSARIES

Nataliya Aleksandrovna Smirnova
(to 70th Anniversary of Her Birthday)

On January 4, 2003, Nataliya Aleksandrovna Smir-
nova, a corresponding member of the Russian Acad-
emy of Sciences, professor, and head of the Chair of
Physical Chemistry at St. Petersburg State University,
was 70.

N.A. Smirnova is a prominent physical chemist
and honorable representative of the physicochemical
school of St. Petersburg University. Her basic research
made a significant contribution to several parts of
modern physical chemistry: molecular theory of solu-
tions, theory of phase equilibria, and molecular-
statistical theory of complex fluid systems of various
kinds.

Smirnova is the author of about 300 scientific pub-
lications, including monographs and textbooks. Wide
acceptance has been gained by the monograph Metody
statisticheskoi termodinamiki v fizicheskoi khimiii
(Methods of Statistical Thermodynamics in Physical
Chemistry), the first and very successful manua of
statistical thermodynamics for chemists (1st edition,
1973; 2nd edition, 1983; trandated abroad). Numer-
ous Smirnovas origina investigations were sum-
marized in her monograph Molekulyarnye teorii ras-
tvorov (Molecular Theories of Solutions, 1988), she
was the author of the most important chapters in col-
lective monographs Termodinamika razbaviennykh
rastvorov (Thermodynamics of Dilute Solutions) and
Termodinamika ravnovesiya zhidkost'—par (Thermo-
dynamics of the Liquid-Vapor Equilibrium), and in
IUPAC publication Uravneniya sostoaniya (Equations
of State).

The investigations carried out by Smirnova and her
disciples have the fundamental nature and are charac-
terized by high scientific level, being, at the same
time, aimed at solution of important applied problems.
These include development of effective methods for
calculation of phase equilibria in order to optimize
separation processes, methods for calculation of ther-
modynamic properties and phase equilibria in systems
composed of oil and natural gas in a very wide range
of conditions, analysis of factors influencing precipita-
tion of asphaltenes from crude oil, establishment of
regular trends in physicochemical behavior of mixed
surfactant solutions, etc.

Also fruitful are Smirnova's pedagogic activities:

She has been delivering general courses of lectures
on physical chemistry and statistical thermodynamics
and specia courses at the chemical faculty and work-
ing with graduates, postgraduates, and doctoral candi-
dates. Among Nataliya Aleksandrovna's disciples are
doctors and candidates of science and known scien-
tists. Smirnova has been delivering lectures at leading
universities in many countries al over the world and
participating in the work of international scientific
conferences, both as speaker and as conference or-
ganizer. Smirnova's works have been twice honored
with awards of St. Petersburg University and a State
Prize of the USSR. She conducts important scientific-
organizational work, being a member of a number of
Scientific Councils and a member of Editorial Boards
of Zhurnal Prikladnoi Khimii (Russian Journal of
Applied Chemistry) and Zhurnal Fizicheskoi Khimii
(Russian Journa of Physical Chemistry).

Editorial Board of Zhurnal Prikladnoi Khimii,
Russian Academy of Sciences
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OBITUARIES

Sergel Sergeevich Markov
(October 23, 1906-November 20, 2002)

Prikladnaya Khimiya Russian Scientific Center and
the entire domestic chemical science have suffered an
irreplaceable loss.

On November 20, 2002, Sergei Sergeevich Mar-
kov, research worker at the Center, doctor of chemis-
try, professor, laureate of Lenin and State Prizes,
passed away at the age of 96. Having graduated from
the Leningrad Pharmaceutical, and then from the
Leningrad Technological, institutes, Sergel Sergeevich
started his scientific activities at the State Institute of
Applied Chemistry (GIPKh) and devoted to this insti-
tute 73 years of his working life, having worked his
long way up from laboratory assistant to deputy direc-
tor of the Ingtitute for scientific work.

Death deprived us of an outstanding scientist,
prominent specialist and organizer in the field of tech-
nical chemistry and space technology. All Prof. Mar-
kov’s activities have been associated with the devel op-
ment of domestic chemical industries and creation of
the Russian school of chemical engineers with a broad
spectrum of capabilities.

Technology for nepheline processing, production
of aluminum oxide from bauxites, synthesis of com-
pounds of magnesium, iodine, and bromine and in-
organic fluoro compounds—all these issues have been
the subject of his interests and have been powered by
his ideas.

Special mention should be made of Sergel Sergee-
vich’'s works on organization of industry for manufac-
ture of manganese compounds, on whose synthesis he
has been working till the last days of his life.

The originality and national importance of these in-
vestigations and industrial implementation of research
developments are characterized by the fact that, in
1937, the scientific degree of the candidate of science
was conferred to Markov without backing a disserta-
tion, and in 1943, he was awarded the State Prize of
the USSR for the development of GAP (GIPKh active
pyrolusite).

During the World War 1l, Sergei Sergeevich re-
mained in besieged Leningrad and supervised, together
with the staff members of GIPKh, manufacture of
defense-related products for the Leningrad front.

In postwar years, continuing his work on problems

concerning the technology of manufacture of fluoride
and manganese compounds, compounds of magnesi-
um, iodine, and bromine, and various nitro com-
pounds, Prof. Markov devoted his efforts to the de-
veloping space technology.

His works on creation of rocket propellant compo-
nents and their use in special technologies culminated
in that, in 1967, Markov was awarded, together with
other members of a group, his second State Prize, and
in 1976, a Lenin Prize for works on technology for
synthesis of a new class of nitro compounds.

Sergel Sergeevich has trained a sizable pleiad of
specialists working in various fields of the national
economy. His disciples include candidates and doctors
of science and directors of companies, and with al
of them he unselfishly shared his ideas, professional
and everyday experience, and knowledge.

Production shops to which Sergei Sergeevich made
a prominent creative contribution are still working
at plants in Slavgorod, Perm, Nevinnomyssk, Dnepro-
dzerzhinsk, Samara, Moscow, St. Petersburg, Saki,
Krasnoperekopsk, Baku, Novotroitsk, Nebit Dag, Nef-
techala, Salavat, and Biisk; his studies in chemistry of
manganese have gained worldwide acceptance.

Markov’'s merits have been honored with high
State awards.

The rich legacy bequeathed to us by Sergel Sergee-
vich is constituted by his disciples, his numerous
papers and inventions, and fruitful scientific ideas he
had no time to implement himself.

An attentive and sensitive person and manager, he
has been aways deeply respected by staff members
of the Institute and plants where he has ever been and
worked.

The unexceptionable honesty, culture, devotion to
work and colleagues, and enormous working capacity
and energy of Sergel Sergeevich have aways caused
sincere delight of those around him.

Together with his relatives and friends, we deeply
grieve over the irreplaceable loss and will preserve
Sergei Sergeevich Markov’s respectful memory in our
hearts.

Staff members of the Prikladnaya Khimiya
Russian Scientific Center
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INORGANIC SYNTHESIS

AND INDUSTRIAL

INORGANIC CHEMISTRY

A Study of Calcium Chloride Purification

A. A. Fakeev, L. V. Vasl’eva, and A. |. Sukhanovskaya

Sate Research Ingtitute of Chemical Reagents and Ultrapure Chemical Substances, Moscow, Russia
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Abstract—Two methods of calcium chloride purification were studied: crystallization from agueous solutions
and joint precipitation of impurities from agueous solutions onto inorganic collectors (hydrated aluminum or
zirconium oxides). The purification factors were calculated and a high efficiency of purification of calcium
chloride solutions with hydrated zirconium dioxide as collector was established.

Cacium chloride is widely used in metalurgical,
chemical, chemical-pharmaceutical, aircraft, and coal
industries, in glass manufacture, agriculture, everyday
chemistry, etc. [1].

In chemica industry, calcium chloride is, aong
with calcium nitrate, a key compound for preparing
the most practically important calcium products (cal-
cium carbonate, phosphate, chromate, etc.) [2].

In recent years, ultrapure calcium compounds (cal-
cium carbonate, fluoride, and phosphate) have found
application in fabrication of optical fibers, single crys-
tals, and luminophores, [3, 4]. This required the de-
velopment of novel methods for thorough purification
of the accessible raw material, calcium chloride.

In the system CaCl,—H,O, compounds of the
following compositions crystallize: CaCl, - 6H,0,
CaCl, - 4H,0, CaCl, - 2H,0, CaCl, - H,0, and CaCl,,
whose solubilities are 42.9, 53.60, 67.20, and 77.32,
and >80 wt %, respectively [1, 5].

The efficiency of crystallization purification of cal-
cium chloride could be estimated from data on phase
equilibria in water—salt systems containing this salt.
However, the relevant data are scarce. The systems
CaCl,-M"Cl -H,0, where M" is Co(ll) [6, 7], Cu(ll)
[8], NHy [9], K [10], or Mg(11) are of simple eutonic
type at 25°C; those in which M" is Cu(l) [8], Mn(lI)
[12], Zn [13], or Cd [14] are binary compounds. An-
alysis of the data presented suggests that crystalliza-
tion from agueous solutions is an effective method
for separation of calcium chloride from Co(ll), Cu(l),
Cu(ll), Mn(ll), Zn, Cd, NHy, K, and Mg chlorides.

Crystallization of CaCl, from HCI solutions is
promising, since in this case, the yield of the target
product increases substantially (CaCl, solubility in

a 26-28% HCI solution is 4 times lower at 0°C and
twice lower a 15°C than that in H,O [1]); however,
this process has not been studied. It has been proposed
to purify CaCl, solutions to remove iron ions by treat-
ment with carbonate-containing compounds (ammo-
nium carbonate solution) at 71-100°C and pH 4-7.
A product containing 8 x 107> wt % iron has been ob-
tained [15].

A way to prepare CaCl, phosphors by precipitation
of sparingly soluble sulfide and phosphate impurities,
separation of precipitate, and boiling of the solution
with activated carbon has been described. The quality
of the product obtained has not been reported [16].

Joint precipitation of impurities with calcium car-
bonate at 60-80°C and pH 5-7 has been proposed
as a method for purification of CaCl, solutions, and
the possibility of using purified solution for preparing
luminophore has been demonstrated [17, 18].

Treatment of CaCl, solutions with complexing
reagents (sodium diethyldithiocarbamate [17-19],
8-oxyquinoline [20]) is highly efficient in removal
of iron, heavy metals, and other impurities.

Analysis of the above data on CaCl, purification
shows that published data are rather scarce. Promising
among the known purification methods are crystalliza-
tion of CaCl, from agueous solutions and joint pre-
cipitation of impurities onto inorganic collectors.

The aim of the present study was to analyze the
process of calcium chloride purification.

EXPERIMENTAL

Two methods of calcium chloride purification were
studied: crystallization from agueous solutions and
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Table 1. Impurity fractionation in crystallization of CaCl,
from agueous solutions at 25°C

Impurity, y Kour for CaCl, - 6H,0 crystals
wt % with washing | without washing
SOFe:
1x10%| 0.60 100+ 0.3 780+ 2.3
1x10°| 050 6.2+0.2 700+ 21
o 1x10°| 0.60 50+0.1 56.0 + 1.2
Mn:
5x 10%| 050 9.0+0.3 96.6 + 2.9
o 5x 10%| 0.60 85+0.2 89.5+2.8
Cr:
5x 108| 050 81+0.2 96.2+25
. 5x 10%| 0.60 72+02 865+ 25
Ni:
5x 10%| 050 80+0.2 786+ 2.2
o 5x 10%| 0.60 7.1+02 723422
Co:
5x 108 | 050 80+0.2 90.7 + 2.7
5x 10%| 0.60 6.0+0.2 753+ 22

joint precipitation of impurities from aqueous solu-
tions onto inorganic collectors.

The study was performed using radioactive tracers
*Fe, °Co, **Mn, >'cr, %Cu, and *Ni. The radiation
was recorded simultaneously from several isotopes us-
ing an IN-96B automated multichannel gamma spec-
trometer (France) and a semiconductor detector (sin-
gle-crystal germanium). The relative measurement
error was +2-3%. Beta radiation (**Ni) was measured
with a BDIS 3-05 transducer with detector (thallium-
activated Nal), PS-2 counter unit, and scintillating
granules. The relative accuracy of the measurement
was +10%. The results of radiometric analysis were
used to calculate the crystal purification factors K,
as the ratio of the specific activities of crystals (so-
lution) before and after crystallization (purification),
related to unit mass of CaCl, - 6H,0), and the degree
o of precipitation of the main substance (CaCl, - 6H,0)
into the solid phase during crystallization [21].

The purification of CaCl, by crystallization was
studied as follows: radioactive isotopes of the cor-
responding metals were introduced into 100 ml of
a 78% solution of CaCl,- 6H,0 [14-1 ultrapure
grade, TU (Technica Specification) 6-09-3834-80],
and the mixture was stirred and kept for 1 day for
isotopic exchange to occur. Then, the solution was
evaporated on a water bath to obtain solid phase in
varied yield and cooled to room temperature under
continuous agitation. The crystals precipitated were
separated on a Buchner funnel (“blue tape” filtering

paper) and firmly sgueezed between two sheets of
filtering paper to remove mother liquor. The squeezed
crystals were twice washed with a saturated solution
of initial CaCl,, whose volume was egual to the crys-
tal mass, and then squeezed again. The specific activ-
ities of the initia solution, mother liquor, squeezed
crystals before washing, and doubly washed crystals
(after dissolution in water) were determined, and K,
were calculated.

Analysis of the results obtained (Table 1) shows
that the degree of CaCl, purification by crystalliza-
tion from aqueous solution to remove iron, manga-
nese, chromium, nickel, and cobalt ion impurities is
not too high. The low degree of purification of the
CaCl, - 6H,0 crystals (Table 1) is due to occlusion
of the mother liquor, since additional washing of the
crystals makes K, higher for all of the impurities
studied. According to published data, calcium and
cobalt (copper and manganese) chlorides do not form
solid solutions in joint crystallization from agqueous
solutions [6-8, 12].

The results obtained are accounted for by the char-
acteristic high solubility of CaCl, and stability of
metastable supersaturated solutions. This leads to
changes in the crystal growth mechanism, facilitates
formation of aggregates, closed cavities, and capillar-
ies, and causes surface deterioration and the resulting
pronounced entrapment of mother liquor by the crys-
tals, which is responsible for the low degree of puri-
fication of unwashed crystals (Table 1).

Additional washing of the isolated CaCl, - 6H,0
crystals with a saturated agueous solution of this
compound markedly increases the degree of purifica-
tion (Table 1). Despite the necessity for processing
of large volumes of mother liquors, the crystallization
method shows industrial promise. Compared with
cacium nitrate crystalization [21], the method in
question is more efficient for preparing small amounts
of ultrapure calcium salts in laboratory.

Also, purification of CaCl, solutions with inor-
ganic collectors was studied. It has been established
previoudly [21] that purification of calcium nitrate
solutions to remove 3d-metal impurities with the use
of hydrated aluminum and zirconium oxides is high-
ly effective. It has been proposed to purify calcium
chloride solutions by coprecipitation of impurities on-
to a CaCOg collector [15, 17, 18]. However, this col-
lector is, as arule, effective only for iron impurity [15,
21]. Therefore, hydrated aluminum, Al,O3 - nH,0, or
zirconium oxides, ZrO, - nH,O, precipitated in a solu-
tion being purified were used in this study for puri-
fication of CaCl, agueous solutions.
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Table 2. Distribution of iron(l11), chromium(l1l), manganese(l1), and copper(ll) impurities upon purification of a 20%
CaCl, solution on inorganic collectors

. Kpur for indicated impurity . Kpur for indicated impurity
wt % Fe(lll) | Cr(il) | Mn(11) | Co(ll) cu(ll) wt % Fe(lll) | cr(iin) | Mn(1) | Co(ll) | Cu(ll)
Collector-Al,045 - nH,, Collector—ZrO, - nHy
5x 104 |100+3 5x 104 | 300+9
5x 10 [120+3 5x 10 | 1200+ 35
1x10™° 100+3 | 10+0.3 | 25.0+0.7 1x10™° 250+7 [100+3
5x 10 20.0+0.6| 5x10° 70+2 | 150+ 4

¥ (c) Impurity concentration.

Table 3. Quality of initial and purified CaCl, and CaCl, - 6H,0 samples and the best foreign products (according to
catal ogues)

Impurity content, ¢ x 105, wt %
Sample
Fe(lll) | Mn(I1) | Cu(ll) | Cr(i) | Ni(ll) Co(l1)

Laboratory:

Initial 500 20 50 50 8 <5

Purified 20 <2 <2 <2 <2 <0.5
Analytical-purity grade, TU 6-09-4578-78, Russia 200
14-1" special-purity grade, TU 6-09-3834-80, Russia 50 1 Ni(11)-Co(11), 30
Extra pure, Riedel-de-Haen, Germany 500 500
Suprapur,” E.Merck, Germany 5 1 0.5 0.5 0.5
" CaCl, - 4H,0.

Solutions of radioactive isotopes were introduced  accounted for by higher stability of chloride com-
into a 20 wt % solution of CaCl, (25 ml), the solu-  plexes in aqueous solutions [23].
tion was stirred for 3 h for the isotope exchange to
occur, and a sample was taken for radiometric mea-

surements. Then, calculated amounts of a 20% solu- : . .
tion of AI(NO,), (17-3 ultrapure grade, TU 6-09- the first constants of their hydrolysis [24] and supple-

3657-74) or ZrOCl,, (chemically pure grade, TU 6-09- ment the previously established selectivity series [25].

3677-74, 2.0 wt % relative to the CaCl, - 6H,0 mass Large-scale laboratory experiments on CaCl, pu-
by analogy with the data of [21]) were introduced into  rification by crystallization from agueous solutions
the solution, and a 10% solution of NaOH [18-3 spe-  were performed. An agueous solution of CaCl, was
cid-purity grade, OST (All-Union Standard) 6-01- prepared by dissolving an analytically pure reagent at
302-74] was gradually added under agitation to  70°C, filtering the solution on a “blue tape” filtering
pH 8.0. The mixture was stirred for 1 h, the precip-  paper, evaporating it on a water bath to about 60%
itated hydrated aluminum or zirconium oxides were yield, and cooling the mixture to room temperature
separated on a TsLN-2 centrifuge, and the purified under continuous agitation. The crystals precipitated
solution was sampled for radiometric analysis. The were carefully separated and washed with a sat-
method of analysis and the procedure for calculating  urated solution of CaCl, (14-1 special-purity grade),
K., ae described above. whose volume was equal to the mass of the separated
CaCl, - 6H,0 crystas. Then the crystals were dried

the purification of CaCl, solution with ZrO, - nH,0O ?555_28 C and subjected to spectrochemical analysis
collector is a highly effective process. For Al,O3-nH,0, '

the degree of CaCl, purification is somewhat lower A comparison of the quality of the initial CaCl,
and differs significantly from the results obtained samples and those purified by crystallization from
previously for Ca(NO;), solutions [22]. This can be  agueous solution (Table 3) showed that this method is

The data on coprecipitation of metal ions onto
ZrO,-nH,0 (Table 2) correlate well with the values of

pur

Anaysis of the results obtained (Table 2) shows that
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promising for preparing a special-purity-grade product.
For preparing ultrapure calcium salts, the CaCl, crys-
tallization is a more effective method than the previ-
ously described technique using calcium nitrate [21].

CONCLUSIONS

(1) Purification of CaCl, by crystallization from
agueous solutions was studied using radioactive trac-
ers. The purification factors were calculated. It was
found that the low values of K, for CaCl,- 6H,0
crystals are due to occlusion of the mother liquor.
It was shown that CaCl, crystallization is promising
method for preparing an ultrapure product.

(2) Purification of agueous CaCl, solutions by
coprecipitation of impurities onto inorganic collectors
(Al,05 - NH,0O or ZrO, - nH,0) was studied using ra-
dioactive tracers. A high efficiency of the ZrO, - nH,O
collector for purification of CaCl, solutions was dem-
onstrated.
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Abstract—Problems associated with the optimization of processing of olivine from mining wastes and, in
particular, from dressing tailings of vermiculite ores with sulfuric acid in order to obtain a magnesium
meliorant characterized by alkaline reaction were considered. The influence of a seed on the course of silica
gel coagulation and on the filtration of the forming solutions was studied.

Atmospheric precipitation near mining and smelt-
ing plants is characterized by increased acidity.
Although the strongest impact of acid rains on the
environment is observed on territories closely adjacent
to nonferrous metallurgy plants, the influence of these
rains is also pronounced at a considerable distance
from the plants. In particular, acid rains in Kola
peninsula aso fal in regions virtualy lacking any
industrial plants, including nature reserves. This at-
mospheric precipitation, which is characterized by pH
ranging from 3.6 to 4.7, contains 2.1 to 52.7 mg |~
of sulfate ions [1].

Under the action of acid rains, a number of neces-
sary nutritious elements, Mg?*, Ca?*, and Mn?* cat-
ions in the first place, are selectively leached from
plants and soil of forest ecosystems [1].

To compensate for the deficiency of cations, it is
necessary to use meliorants that would replenish the
nutritious substances. In view of the increased acidity
of soil in zones affected by acid rains, the meliorants
must possess a heutralizing capacity and also improve
the soil structure. With account of the large areas of
deteriorated forests, the meliorants must be compar-
atively low-cost and readily accessible.

An important factor in making lower the cost of
a meliorant is cheapness of raw materials. The most
promising in this regard are mining wastes. Annually,
industrial countries produce hundreds of millions of
tons of ferrous and various nonferrous metals. Most
part of ores is separated, in the course of ore dressing,

in the form of nonmetalliferous minerals from the
valuable minerals and discarded as waste into tailing
dumps. The maintenance of tailing dumps is rather
expensive. Finely dispersed tailings react with atmo-
spheric agents. Flotoreagents, which are sorbed on
the surface on nonmetalliferous minerals, and prod-
ucts of oxidation of sulfides are leached into surface
and ground waters. In the course of oxidation of ore
dressing tailings, readily soluble sulfates of heavy
metals pass into the environment [2]. The large vol-
ume of the mining waste accumulated gives no reason
to believe that they could be processed in near future.
Therefore, the primary objects of study and targets for
utilization technologies are mining wastes that can be
reprocessed into ecological-purpose materials [3].

Meliorants can be manufactured from mining
wastes mainly composed of silicates (olivinites, du-
nites, etc.) or magnesium hydrosilicates (serpentinites).

In particular, meliorants can be obtained from
serpentine-containing materials, which are wastes
formed in processing of copper-nickel, vermiculite,
and some other ores. However, serpentine materials
are to be activated in order to obtain the final product.
This involves certain energy expenditure, which is not
aways justified.

Use of mining wastes mainly composed of anhy-
drous magnesium silicates, olivines, which are fre-
guently richer in magnesium oxide than serpentines,
offers more promise for manufacture of meliorants. In
this case, strip-pit olivinites of the Kovdor phlogopite
deposit, dressing tailings of vermiculite ores, strip-pit
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Fig. 1. Degree of olivine processing, o, VS. processing
time 1. Processing temperature (°C): (1) 20; (2) 40; (3) 60;
(4) 80; (5) 80, with addition of a seed.

dunites from chromite deposits of the Monchegorsk
region, and other products of this kind can serve as
raw materials. Although vermiculite tailings are char-
acterized by lower content of magnesium oxide, they
contain minerals including other nutritious substances:
calcium and phosphorus in apatite, potassium in hy-
drophlogopite, and manganese in olivine and vermic-
ulite, which can aso be converted into assimilable
form. At the same time, the dressing tailings are rather
cheap and readily accessible.

In acid treatment of olivine, nutritious substances
contained in it are converted into a form assimilable
by plants [4]. However, the technique proposed in [4]
has two important disadvantages; olivine processing
takes a long time (72 h) and the product obtained is
characterized by a stable acid reaction. Formation of
a silica gel poses considerable difficulties, since, in
producing a magnesium fertilizer, silica passes into
the final product because of the impossibility of filtra-
tion. At the same time, there is no way of neutralizing
acid salts and acid residues formed in olivine pro-
cessing, since magnesium hydrosilicates are formed
in the neutral or akaline medium in the presence of
silicic acid.

To manufacture a neutral meliorant, it is necessary
to optimize the olivine processing so as to enable
separation of silica and to prevent reverse reactions in
neutralization of acid salts and acid residues.

EXPERIMENTAL

In studying the reaction of olivine with H,SO,,
dressing tailings of vermiculite ores were used. In
view of the fact that fine fractions of this product
contained a large amount of sungulite, and coarse

fractions contained pieces of dike rocks, which are
poor in magnesium minerals, the vermiculite tailings
were subjected to preliminary sizing. The +0.125-
3.0-mm fraction was used in the experiments.

Mineral composition of the raw material (%): oliv-
ine 45.3, vermiculite 12.65, apatite 10.04, magnetite
8.66, diopside 21.17, and sungulite 0.8.

Chemical composition of the raw material (wt %):
MgO 25.0, K,0 0.12, CaO 14.0, Na,0O 0.26, Al,O4
0.92, FeO 4.25, Fe,0; 5.81, H,0O 1.12, SO, 33.46,
and PO, 4.46.

A 15-g portion of the material was poured over
with 50 ml of a40% H,SO, solution. The temperature
was varied between 20 and 80°C, and the processing
time, between 3 h and 3 days.

After the experiment was complete, the solid res-
idue was washed with distilled water and dried. A
white powder containing new formations was sepa-
rated from the product obtained. Then the granulo-
metric composition of the residue was studied and
residual contents of the starting minerals—olivine,
pyroxenes, vermiculite, and apatite, were determined
mineralogically. A finely dispersed product was ad-
ditionally subjected to X-ray diffraction analysis on
a DRON-2 diffractometer (CuKa radiation), and also
studied on a FLOUSORB Il 2300 laboratory elec-
tronic device for measuring the specific surface area
and porosity and on a Hitachi scanning electron
microscope.

The washing solutions were analyzed chemically
for the content of calcium, magnesium, and iron ions.

The degree of olivine processing, measured in
the course of time at different temperatures, is shown
in Fig. 1. At room temperature, the process is slow,
and, therefore, the subsequent experiments were done
at 40, 60, and 80°C. On raising the temperature,
the olivine conversion is much accelerated: at 80°C
olivine is virtualy entirely (80%) processed in 6 h.

Equation (1) describes the reaction of olivine with
acid
Mg,SiO, + 4H™ + (n - 2)H,0 = 2Mg?* + SO, - nH,0. (1)
The study performed demonstrated that, together
with acid processing of olivine, formation of mag-

nesium hydrosilicates with serpentine-like structure
is observed:

6Mg?* + 4SiO, - nH,0 = Mgg(OH)g[Si4O40]
+ 4(n - H,0. (2
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In this case, a considerable amount of magnesium
ions recovered into solution are bound. Raising the
temperature promotes the olivine processing, but,
even to a greater extent, accelerates the formation of
hydrosilicates. As aresult, the recovery of magnesium
ions into solution decreases. It seems reasonable that,
for reverse reactions to occur, the solution pH should
be made higher. Therefore, it is impossible to obtain
a neutral meliorant directly by acid processing of
olivine. Presumably, a technology for obtaining such
a product must include several stages, with neutraliza-
tion only carried out after separating the active silica.

It is known that the longest characteristic time in
silica coagulation is the induction period of nuclestion
of primary colloid particles, which then combine into
coarse aggregate. Silica coagulation is much ac-
celerated in the presence of specialy introduced
particles of amorphous SiO,, acting as nuclei [5]. To
prevent formation of magnesium hydrosilicates and to
accelerate silica coagulation, a seed, having the form
of amorphous SiO, obtained from nepheline, vermic-
ulite, or sungulite, was introduced into the reaction
vessel together with raw materials and acid. The ex-
periments were done with vigorous stirring. The solu-
tions were filtered in hot state to prevent MgSO,, crys-
tallization. After an experiment was complete, the
solid residue was washed with hot distilled water
(70°C).

The experiments demonstrated that addition of
amorphous SIO, as a seed makes it possible to obtain
coagulated silica and well filterable solutions, to pre-
vent a reverse reaction of binding of magnesium ions
from solution, and to decrease the H,SO, concentra-
tion to 25%, with total recovery of magnesium ions
into solution ensured.

Figure 2 shows kinetic curves describing the com-
pleteness of recovery of magnesium ionsin relation to
the amount of seed. With the amount of a seed ad-
ditive prepared from nepheline increasing to 15% rel-
aive to the amount of the starting material, the re-
covery of magnesium ions reaches 100%. A sungulite
seed is less effective, with the recovery equal to only
76%. It is not improbable that the closeness of the
inherited structure of the seed to magnesium hydro-
silicates gives no way of ruling out the reverse reac-
tions. However, a vermiculite-based seed is nearly as
effective as that based on nepheline. With increasing
amount of the seed added (Fig. 3), the humidity of
the final product decreases.

Electron-microscopic studies demonstrated that
newly formed silica has a lamellar structure (Fig. 4),
whereas amorphous SiO, obtained by sulfuric acid

100

80

MgO, wt %

60

SiOz, g

Fig. 2. Amount of recovered MgO vs. amount of SiO,
seed introduced. Seed: (1) nepheline, (2) vermiculite, and
(3) sungulite; the same for Fig. 3.

H %
60 F
50 2
3
I
1 1 1
) 2 5

SiOZ, g

Fig. 3. Sample humidity H vs. amount of SiO, seed in-
troduced.

Fig. 4. Electron micrograph of a finely dispersed sample
obtained with addition of a vermiculite seed.

treatment of nepheline [5] is represented by densely
packed rounded particles.

CONCLUSIONS
(1) Complete processing of olivine and vermiculite

contained in vermiculite tailings takes 6 h in 25%
sulfuric acid at 80°C.
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(2) Addition of amorphous SO, as a seed pre-
cludes the reverse reaction of magnesium ion binding
from solution and ensures complete leaching-out of
magnesium.

(3) The optimal amount of the silica seed in terms
of dry substance is 15 wt % relative to the amount of
the starting raw material.

(4) Separation of a dilica precipitate from the mag-
nesium-containing solution enables manufacture of
a neutral meliorant by a known method.
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Abstract—An experimental study of the equilibrium between the bottom phase (sulfide melt or copper) and
slag in neutral and oxidizing atmospheres yielded dependences of the content of dissolved copper, nickel,
and cobalt in the slag on that of sulfur in the sulfide melt and also the dependence of the content of dissolved
copper and nickel on that of nickel in the metallic melt. The distribution coefficients of the metals between
copper and slag were determined and compared with the results of other investigations.

Nickel-containing copper concentrate obtained by
flotation of the converter matte (composition, wt %:
Cu 67-70, Ni 2-5, Fe 2-5, Co 0.1-0.3, S 20-21) is
processed in various ways [1-7].

The distribution of the metal between a target prod-
uct (sulfide melt or metallic melt based on copper)
and the dlag is one of the most important character-
istics of any smelting technology. Commonly, this fac-
tor is evaluated by the meta distribution coefficient
Ly defined as the ratio of metal weight fractions in
the sulfide (metallic), X, and slag phases, Xy:

LM = X[M]/X(M)l (1)

It is a common practice to subdivide copper-based
metallic melts, depending on their copper and sulfur
content, into blister copper containing 0.5-1 wt % Ni
and 0.03-0.05 wt % S and “sulfurous” copper contain-
ing 56 wt% Ni and 1.5-2.0 wt% S.

The wide variety of technologies used in smelting
of the copper concentrate assumes significant dif-
ferences in the L, values. The reason is that the com-
positions of the sulfide (metallic) melts and dag are
different, as also are the compositions of the gas phase
over the melt, which is characterized by partial oxy-
gen pressure Pg, .

The available published data obtained in studying
the distribution of nickel and copper in processing of

1 A reverse ratio between the metal weight fractions can aso
be found in the literature. In the present study, the L, values
are represented as the xpy;/x) ratio.

the copper concentrate produced by flotation of the
converter matte are considered in this study.

Yazawa [8, 9] studied the distribution of metals be-
tween a sulfur-free copper-based metallic melt and the
slag under partial oxygen pressure of 10°11-10% atm
in the gas phase at a temperature of 1200°C. The equi-
librium between iron-silicate slag saturated with sili-
con dioxide, on the one hand, and copper, on the other,
in the temperature range 1217 1307°C a partial oxy-
gen pressure varied from 107! to 107" atm was stud-
ied in [10]. The solubility of copper in the iron-sil-
icate slag saturated with silicon dioxide was deter-
mined in [11] under the conditions of equnlbrlum
with a liquid Cu-Au melt at P, = 1071107
and 1250-1350°C. The coefficients of copper, nlckel
and iron distribution at 1500°C between the liquid
Cu-Ni-Fe dloy and the slag (which is a mixture of
FeQ,~SiO,—Ca0 oxides saturated with MgO) were cal-
culated from the activity coefficients of the alloy com-
ponents at partial pressures of oxygen in the range
107°-107% atm [12]. These activity coefficients were
determined by the quasi-equilibrium gas-flow method
using Knudsen’s double mass-spectrometric cell. In
[13], the results obtained in an experimental study of
the distribution of metals in equilibrium in the systems
constituted by (i) sulfurous copper, sulfide melt, and
slag and (ii) blister copper and slag in an atmosphere
of argon and in an OXIdIZI ng atmosphere with Pg =
1.6 x 10°-2.9 x 10°° atm at 1300°C were considered.
Abramov et al. [14] studied the influence exerted by
the content of silicon dioxide in aslag at Pp, = 1.4 x
10~° atm and 1300°C on the distribution of metals in
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Table 1. Comparison of the distribution coefficients of copper L, and nickel Ly; according to published data

Ly Li Po, am T, K Reference
300-55 600-25 1011108 1473 [9]
325-25 - 101107 1490-1580 [10]
110-21 - 101010~/ 1523-1623 [11]
160-23 200-8.3 101%_10-6 1773 [12]

- 24-6.5 2.9 x 10°-1.6 x 10 1573 1
- 27-30 Ar 1573 [13]

20-12 59-2.1 14 x 10 1573 [14]

11.1-5.9 2.3-09 6.1x 107°-2.1 x 107 1553 [15]

Table 2. Composition of starting materials

Content, wt % Content, wt %
Material Material
Cu Ni Fe Co S Cu Ni Fe Co S
Copper sulfide 75.3 4.1 0.8 0.08 16.9 | Blister copper 97.8 048 | 0.2 0.08 -
Copper concentrate | 67.0 4.0 44 | 021 | 21.6 | Sulfurous copper | 92.2 58 01 | 002 |19

the equilibrium system constituted by sulfurous cop-
per, sulfide melt, and slag. The dependence of the dis-
tribution coefficients on the SO, concentration in
the gas phase (Pp, = 6.1x 10°-2.1x 10" am) at
1280°C was studied under equilibrium conditions in
the system formed by sulfurous copper, sulfide melt,
and slag [15]. The distribution coefficients found in
these studies are listed in Table 1.

Analysis of the data obtained indicates that the
majority of the investigations [8-13, 15] are con-
cerned with the effect of Po, on the solubility of cop-
per in dag.

The copper content in dag grows (Lo, value de-
creases) with increasing Pg, . The effect of slag com-
position on the distribution”of nonferrous metals has
been studied to alesser extent [13-15]. The least stud-
ied is the influence exerted by the activities of com-
ponents in a copper-rich melt (sulfide melt, sulfurous
copper, or blister copper) on the distribution of copper
and impurities concomitant in cooper—nickel produc-
tion (nickel, cobalt, and iron). The only study [11]
was concerned with the influence of the activity of
copper on its distribution between metallic melt and
dlag. It was found that copper solubility in the slag
linearly grows with its increasing activity in the Cu-
Au melt, with this dependence becoming more pro-
nounced with increasing partial pressure of oxygen.

It follows from Table 1 that the most topical issue
to be studied is the effect of the composition of sul-
fide and metallic melts on the distribution of copper
and metal impurities between the smelting products.

Such a study would cover all versions of technologies
for processing of the nickel-containing copper flota-
tion concentrate, from smelting to give copper sul-
fide to that producing blister copper.

Three sets of experiments were performed in this
study. The first of these was concerned with the effect
of the sulfide melt composition on the distribution of
metals between products of smelting in an argon at-
mosphere. The second and the third sets were devoted
to the effect of copper composition (sulfurous and
blister copper, respectively) in an oxidizing atmo-
sphere. In the first and second sets, a neutral at-
mosphere was created using high-purity argon which
contained (wt %): O, 0.0002, N, 0.001, H, 0.0002,
CH, 0.0001, and CO, 0.00002. The partlal pressure of
oxygen in this gas mixture was 4 x 1078 atm at 1300°C.

In the first set of experiments, a synthetic iron-sil-
icate dlag (7 g) containing 20-23 wt % SiO, and cop-
per (45 g) with varied sulfur content (17-22 wt %)
were used. Mattes of varied composition were ob-
tained by taking an industrial sulfide melt from a re-
verberatory furnace and the starting concentrate in
various proportions.

In the second and third set of experiments, a syn-
thetic iron-silicate dag (7 and 20 g, respectively) con-
taining 22-30% SO, was mixed with copper (45 gin
the second set and 20 g in the third) containing var-
ious amounts of nickel and sulfur. Copper of varied
composition was obtained by taking sulfurous and
blister copper in various proportions. The composition
of the starting materials is listed in Table 2.
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A weighed sample of a stock consisting of slag and
a sulfide component (or metal) in an alundum crucible
was placed in a high-temperature furnace with LaCrO,
heater. The stock was heated to 1300°C with an inert
gas flowing over its surface. To attain the equmbrlum
faster, the melt was agltated by bubbling of argon?
(Po, = 4x 10 am) in the flrst and second sets,
and ‘with a SO,-CO, ges mixture® (P, =6 x10°° atm)
in the third, for 20 min and allowed’to stay for the
same time. In the first and second sets, the melt was
cooled after settling in the reactor to 700°C in an at-
mosphere of argon and then in air. In the third set,
a dag sample was taken after settling of the melt,
and the melt remaining in the crucible was gradually
cooled within the furnace to 1000°C under a flow of
the working gas mixture and then in air.

The sulfide component and copper formed in smelt-
ings were subjected to chemical anaysis.

The content of metals in the slag was determined
by scanning electron microscopy (SEM) and X-ray
fluorescence microanalysis (XFMA). In the authors
opinion, it is this approach that makes it possible to
obtain reliable data on the concentrations of metals
dissolved in the slag. As is known [16], slag also in-
cludes mechanical aggregates (beads of the sulfide or
metallic phase), which strongly distort the equilibrium
distribution pattern obtained, e.g., by chemical anal-
ysSis.

The experimental data on the equilibria between
sulfide melts and slag are given in Fig. 1.

Figure 1 shows that the content of Cu, Ni, and Co
is virtually independent of the sulfur content in a sul-
fide melt within the range of compositions under
study and the observed scatter of data has random
nature and is determined by the experimenta error.

The coefficients of metal distribution between the
sulfide melt and slag are listed in Table 3. They are
aso virtually independent of the composition of
the sulfide melt. Together with the data obtained in
the present study, Table 3 also lists the results of
[14, 15].

The difference in the distribution coefficients of
copper, found in this study and in [14, 15], is at-
2 The necessity for using argon in the first set of experiments
was due to the fact that it is impossible to obtain a sulfide
melt with varied sulfur content in an oxidizing atmosphere
with rather high Pg .

The composition of the oxidizing gas mixture was chosen in
accordance with the composition of the gas phase formed in
smelting of the copper concentrate to obtain blister copper.

2k
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Fig. 1. Meta content ¢y, in the slag vs. sulfur content in
the sulfide melt. M: (1) Cu, (2) Ni, (3) Co.
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Fig. 2. Dependence of the content of (a) nickel and (b) cop-
per in the slag on nickel activity ay; in copper in the equi-
librium system copper—slag in (1) neutral and (2) oxidizing
atmosphere. (1) Ar, (2) SO,.

tributable not only to a difference in partial oxygen
pressures, but also to the fact that, in the former case,
copper dissolved in the slag was determined by the
XFMA method, and in [14, 15], chemica methods
taking into account not only dissolved copper, but
also mechanical losses were used. The distribution
coefficients of nickel obtained in the present study are
also higher than those reported in [14, 15], which
is due to higher nickel content in the sulfide melt.
The distribution coefficients of iron and cobalt are in
good agreement with the data of [15].

The results obtained in studying of the copper—slag
system in an argon atmosphere are presented in
Figs. 2a and 2b, curves 1. The activities of nickel in
copper containing up to 1.2 wt % nickel and about
3 wt % oxygen were taken from [17], where activities
of copper and nickel in melts saturated with oxygen
were determined. The activities of nickel at its content
in copper higher than 1.2 wt % were taken from [18],
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Fe, Co), between sulfide melt and slag

Content, wt %
Po, am Ley Li Lee Lco Reference
Ni Cu S
1.0-1.3 | 79-81 | 14.4-19.0 1.4 x 10°° 114 10 0.03-0.07 - [14]
0.3-1.1 | 72-79 | 16.0-19.2 | 6.1x 10°-21x 10* | 7.1-53 | 0.9-0.2 | 0.01-0.02 | 0.07-0.05 [15]
3-5 61-78 | 17.4-20.5 41078 75-104 2-3 0.04-0.15 | 0.04-0.25 | Present study

Table 4. Coefficients of copper, L,, and nickel, Ly;, distribution between copper and slag at varied nickel content
in the bottom phase in neutral and oxidizing atmospheres

Neutral atmosphere Oxidizing atmosphere

Neutral atmosphere Oxidizing atmosphere

Cnip W% | Loy | Lni | OnioWE% | Loy | Lni ff G WE% | Loy | Lni | O WE% | Loy | Ly
0.6 584 1.35 0.22 998 | 1.10 4.4 267 6.34 115 11.77 | 0.95
13 391 257 0.68 1392 | 1.36 6.4 302 |12.54 141 1168 | 201
24 311 3.31 1.05 1323 | 1.75

where oxygen-free copper—nickel melts were studied,
since in this case, the concentration of sulfur in
copper grows, and even its minor content results in
a dramatic decrease in the concentration of oxygen in
copper, which, therefore, can be neglected.

It is seen from the data obtained that the copper
content in slag remains amost unchanged (c, =
0.2-0.3 wt %) with the nickel activity varying within
a rather narrow interval. The content of nickel in
the slag aso remains virtually unchanged (cy; =
0.5-0.7 wt %) when its activity in copper is varied.

The coefficients of copper and nickel distribution
in the copper— slag system in an argon atmosphere
(PO = 4 x 107 am) are listed in Table 4. The varia-
tion of the nickel distribution coefficients is com-
pletely dependent on the variation of the nickel con-
tent. It is well seen that the copper distribution coef-
ficient is only dightly affected by the variation of
the bottom phase composition.

The results obtained in studying the copper and
nickel distribution between copper and slag in an ox-
idizing atmosphere are shown in Figs. 2a and 2b, cur-
ves 2, and in Table 4. It is seen from Fig. 2 that
the content of nickel in the slag markedly grows with
its increasing activity in the metallic melt. The copper
content in the slag decreases rather sharply even upon
a minor increase in the nickel activity in an aloy.

The data obtained are in good agreement with the
data of [11], which show that the copper solubility

in a dag grows with increasing partial pressure of
oxygen (distribution coefficients decrease). However,
the content of copper in the dag is almost independent
of the copper activity in the alloy at high copper con-
tent (95-100 wt %) and low partial pressures of
oxygen.

As seen from Table 4, the distribution coefficient
of copper decreases substantially on passing from
argon to an oxidizing atmosphere, which is due to
the increasing content of dissolved copper in the slag.
Raising the partial pressure of oxygen has virtualy no
effect on the nickel distribution coefficient, which lies
in the range 1-2 in both cases at nickel content in
copper of up to 1.5%. However, a certain tendency
toward an increase in the content of nickel dissolved
in the slag is observed in the oxidizing atmosphere
(Fig. 2a).

Now, it is appropriate to compare the coefficients
of copper and nickel distribution between copper and
dlag, obtained in this study, with the results of other
studies, listed in Table 1.

The distribution coefficients of copper in an argon
amosphere are in good agreement with the coeffi-
cients obtained at low partial pressures of oxygen
(107 atm) [9, 10]. The distribution coefficients of
nickel in an argon atmosphere are much lower than
the values obtained in [13] for compositions of copper
and slag close to those in the present study. The dif-
ference in Ly; is mainly related to the higher nickel
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and (b) copper, Lg,, vs. [Ni]g, in copper in the equilibrium system

copper-slag according to different references. (1) [14] 2 [15] (3) present study. Expenmental conditions: PO (atm),
Csio, (Wt %): (1) 1.4x 1075, 13.4-29.2; (2) 6.1 x 10°-2.05 x 104, 16-23; (3) 6 x 10>, 25-30.

content in the slag in the present study. A similar
pattern is observed when the L; values obtained here
are compared with the data of [13] for an oxidizing
atmosphere. The copper distribution coeff|C| entsin the
oxidizing atmosphere with Po, = 6 x 10~ atm (present
study) are in good agreement with the data of [14, 15]
obtained at close Py, values. For convenience of com-
parison, these data are presented graphicdly in Figs. 3a
and 3b. In the authors opinion, the distribution co-
efficients of copper are somewhat underestimated in
[14, 15], since the content of copper in the lag was
determined by chemical methods.

CONCLUSIONS

(1) The solubility of copper, nickel, and cobalt in
a dag in an argon atmosphere is independent of the
content of sulfur in a sulfide melt (17-21 wt %), be-
ing, on the average, 0.7-1.0 wt % Cu, 1.3-1.7 wt %
Ni, and 0.5-0.7 wt % Co.

(2) The content of dissolved copper and nickel in
an argon atmosphere is aso independent of the com-
position of the metallic bottom phase, being, on the
average, 0.2-0.3 wt % Cu and 0.5-0.7 wt % Ni, at
nickel activity ay; 0.027-0.211.

(3) The solubility of copper and nickel in the slag
in an oxidizing atmosphere increases from 7 to
10 wt % for Cu and from 0.2 to 1.2 wt % for Ni with
increasing activity of nickel in the bottom phase
(an; 0.006-0.036).
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Abstract—Specific features of the distribution of rare elements and radionuclides in processing of the bad-
deleyite concentrate by various methods to obtain pure zirconium compounds and in its chemical purification
were studied. The products in which they are concentrated can be regarded as concentrates of niobium(V),

tantalum(V), scandium(lil), and radionuclides.

The main Russia’s source of zirconium is the bad-
deleyite concentrate (BC) manufactured by Kovdor-
skii GOK Joint-Stock Company. The commercial BC,
containing no less than 97.5-98.5% ZrO, + HfO,,
is commonly used without chemical processing in
manufacture of refractory materials, ceramics, and
abrasives. Zirconium dioxide in BC is twice as ex-
pensive as that in zircon. Therefore, use of BC for
production of zirconium compounds is inexpedient.
However, account should be taken of the fact that
the Kovdor BC contains, in addition to hafnium,
which is present in zirconium minerals and is of lim-
ited use, also the deficient niobium, tantalum, and
scandium. According to chemical and X-ray fluores-
cence anadyses, commercial BC contains (wt %):
Nb,O5 0.6-0.8, Ta,O5 0.18-0.23, and Sc,05 0.045-
0.055. The total cost of these components at world
prices is close to the cost of BC, and the ratio of their
costsis 1 : 4 : 6. Consequently, if the problem of re-
covery of accessory rare elements in chemical pro-
cessing is solved, BC may become quite competitive
with zircon as regards the manufacture of various zir-
conium-containing chemical products. In addition,
the high content of ZrO, in BC (low content of im-
purities) leads to lower reagent expenditure and sim-
pler technology of its processing, compared with that
for zircon, which may also improve the economical
attractiveness of BC as raw material for manufacture
of zirconium compounds.

In studying the methods for BC processing [1-6],
the behavior of compounds of niobium, tantalum, and

scandium (further, rare elements) and radioactive €-
ements has not been analyzed. Incomplete data on
their distribution in chemical processing of BC were
reported in [7].

Approximately 80% of niobium(V) and tantalum(V)
is present in the commercial concentrate in the form
of isomorphic impurities, and 20%, as constituents
of accessory minerals—uranopyrochlore, pyrochlore,
zirkelite, etc. Radioactive elements are represented
by uranium and thorium (specific activity of up to
70 kB kg™). The radionuclides are mainly associ-
ated with the minerals mentioned above. In minor
amounts, they are present as isomorphic impurity.
Scandium(l11) is virtually completely present in bad-
deleyite as an isomorphic impurity.

Various methods for BC decomposition are known:
(1) high-temperature sintering with compounds of al-
kai and akaline-earth metals [1-3], (2) sulfuric acid
processing [1, 4], (3) sintering with ammonium sul-
fate [1, 5], (4) decomposition with the use of fluori-
nating reagents [1, 6], and (5) chlorination [1].

The present study is concerned with the behavior
of rare and radioactive elements in chemical purifica-
tion of BC by the method described in [8], and aso
in production of pure zirconium compounds with
methods 1-3 used to process BC.

EXPERIMENTAL

BC conforming to the requirements of TU (Tech-
nical Specifications) 48-0572-17-252-91 and 1762-
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Table 1. Distribution of rare and radioactive elements impurities in sulfuric acid purification of BC
. Content, wt % Specific
Product viad activity A
° Sc Nb,Os | Ta,Os U Th kBq kgt
BC:
initial 100 0.03-0.038 | 0.6-0.8 0.2-0.23 | 0.02-0.05 0.01-0.015 80-130
purified 98-99 0.03-0.038 | 0.5-0.65 | 0.18-0.2 | 0.011-0.02 | 0.003-0.007 17-25
purified, 97-98 0.03-0.038 | 0.5-0.65 | 0.18-0.2 0.08-0.015 | 0.002-0.005 15.8
—0.044-mm fraction
Hydrate cake 1-2 0.003-0.006 4-8 15-3.0 0.5-15 0.15-0.3 1000-3000

003-00186759-2000 was commonly used in the study.
Occasionally, the content of impurities, especially
those radioactive, in the BC was higher.

Rare and impurity elements in precipitates were
analyzed by X-ray fluorescence and spectral methods,
and those in solutions, by chemical-analytical and
atomic-adsorption techniques. The specific radioactiv-
ity of 222Th and ??°Ra and the content of U and Th
were determined by radiometry and gamma-spectrom-
etry on certified instruments.

In chemical purification of BC with hydrochloric
[1] or sulfuric [7, 8] acid, the content of main com-
ponents can be brought to 99-99.5 wt %; however,
hydrochloric acid does not react with accessory min-
erals containing radionuclides, niobium(V), and tan-
talum(V). Under the optimal conditions, sulfuric acid
decomposes these minerals, but virtually does not
react with baddeleyite. The most complete purifica-
tion achieved in sulfuric acid processing is that to
remove compounds of phosphorus, calcium, magne-
sium, iron, and radioactive impurities. Silicon pres-
ent in the form of olivine and some other silicates is
separated in the course of purification, but silicon
contained in zircon, pyroxenes, and garnets is not
removed from BC. In the course of purification, rare
and radioactive elements are converted, together with
most of other impurities removed from the concen-
trate, into an insoluble form, specifically hydrate cake.
Table 1 lists the distribution of admixtures of rare
and radioactive elements in sulfuric acid purification
of BC.

Rare elements isomorphicaly incorporated in the
ZrO, lattice remain in the purified product. This is
confirmed by the fact that their concentration in the
product purified remains the same upon additional
grinding of the initia BC. Although the concentra-
tions of tantalum, niobium, and uranium compounds
in the hydrate cake are rather high, their recovery
from this product is hardly justified economically

because of the relatively low amount of rare elements
finding their way into this product (recovery into
the cake less than 0.5% for Sc, 17-18% for Nb,Os,
and 12-15% for Ta,Og). However, deep processing
of the hydrate cake may be advisable for ecological
reasons.

In BC processing by sintering, the concentrate
was ground and simultaneously mixed with CaO and
CaCl; at mass ratio of 1:0.55: 0.12. The stock was
sintered at 1150°C for 4 h. The degree of BC decom-
position in sintering was 80-85%. The cake was
decomposed with hydrochloric or nitric acid. In cake
dissolution, most of impurities passed into solution
simultaneously with zirconium(1V), with the insoluble
residue enriched with niobium(V) and tantalum(V)
and depleted of radionuclides.

The niobium(V) to tantalum(V) ratio varied from
3.4 for BC to 2.5 in the insoluble residue and 5.9-6.2
in solutions. The recovery of zirconium(V) into solu-
tion in decomposition of the cake with nitric acid
was somewhat lower than that in the case of hydro-
chloric acid and occurred at higher acidity. The en-
richment of the insoluble residue with niobium(V)
and, to a greater extent, tantalum(V) occurred as
a result of hydrolysis. Chloride solutions were puri-
fied by crystalization of zirconium(lV) oxochloride,
and nitric acid solutions, by extraction.

Recrystallization of zirconium(lV) oxochloride is
a standard procedure for obtaining pure zirconium(1V)
compounds [9, 10]. After dissolution and separation
of the insoluble residue, the solution was evaporated
and the resulting precipitate of zirconium(lV) oxo-
chloride was repulped in 20% hydrochloric acid at
s:| ratio of 1:4.5. The amount of acid necessary
for repulpation corresponded to its expenditure for
cake decomposition. After three counterflow wash-
ings-repulpations with one intermediate dissolution
of the oxochloride under heating, ZrO, obtained from
the oxochloride by calcination was close to special-
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Table 2. Content of rare and radioactive elements in products obtained in hydrochloric acid decomposition of cake

Content wt % Specific
Product Mass, activity A
9 Sc Nb,Os | Ta0s u Th kBq kgt
Initial BC 100 0.036 0.68 0.2 0.025 0.019 52
Insoluble residue 17.5 0.036 0.72 0.29-0.33 0.005 0.008 11.9
ZrOCl, residue after two 250 N.f." N.f. N.f. <1x10* | <4x 10 <0.34
repul pations
ZrO, from ZrOCl, obtained | 73.5 N.f. N.f. N.f. <1x10* | <2x 10 <0.25
after three repulpations
Precipitate separated from 7.2 0.36 7.6 13 0.27 0.23 700
mother liquor with
NH5-H,O solution

* Not found; the same for Table 4.

Table 3. Distribution coefficients of components in extraction of zirconium(IV) from solution formed upon BC

decomposition

Acidity of equi- Distribution coefficient
librium aqueous
phase, M Zr Hf Sc Nb Ni Ca Fe S U+Th

2 0.36 0.02 0.06 0.2 0.5 0.05 0.01 17 36
4 0.82 0.05 0.29 0.12 0.1 0.04 0.02 0.5 6.9
6 3.1 0.26 0.19 0.05 0.06 0.02 0.01 0.2 17
6 3.2 0.22 0.19 0.06 0.08 0.04 0.03 0.2 16
2 0.12 0.06 0.04 N.f. 0.06 0.04 0.03 1.3 42

¥ Including 2 N HCI.
*In reextraction.

purity 9-2 brand (TU 6-09-4709-79), with calcium
compounds removed to residual level of 0.01 wt %.
Average composition of the mother liquor obtained af-
ter precipitation of zirconium(lV) oxochloride (gI 1)
ZrO, + HfO, 4-7, CaO 150-170, Fe,0; 8-13,
Sc 0.13-0.16, Nb,O; 1.8-2.4, Ta,0; 0.28- 035
U 0.1-0.13, Th 0.07-0.09; A = 1.25-1.5 kBq kg™
The yield of the mother liquor was 100 ml per 100 g
of cake. After its neutralization with an NH;-H,O
solution, a precipitate was isolated into which the rare
and radioactive elements contained in the mother li-
guor passed.

The content of rare impurities and radionuclides
in the products obtained is given in Table 2.

Judging from the composition of the precipitate,
the main part of scandium(l11), niobium(V) and radio-
nuclides (Sc 72, Nb 80.5, U 77.8, and Th 87.2% rel-
ative to their respective amounts in BC) and nearly
half of Th(V) find their way into it.

The extraction technique for processing of nitric
acid solutions of zirconium(lV) is, as a rule, anayzed

for the case of hafnium(V) isolation [9-11]. The ex-
traction process was studied in order to obtain pure
compounds of zi rconlum(IV) The nitric acid solution
contained 103.1 g I™* ZrO, at acidity of 7.4 M HNOs.
Zirconium(lV) was extracted with solution of 80%
tributyl phosphate (TBP) in dodecane. The experi-
mentally found distribution coefficients of the com-
ponents are listed in Table 3.

The distribution coefficients of the impurities de-
creased with increasing acidity because of their salt-
ing-out by the better extractable zirconium(lV). Intro-
duction of hydrochloric acid raised somewhat the sep-
aration coefficient of zirconium(l1V) and hafnium(1V),
but favored passing of admixtures of iron- and calci-
um-containing compounds into the organic phase. On
the whole, the distribution data are close to the known
values [12] and indicate that purification is possible.
Radioactive elements can be isolated in the reextrac-
tion stage. Difficulties may be only encountered when
dealing with compounds of silicon.

The extraction was carried out on a cascade com-
prising 40 stages of the mixer—settler type, with stage
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volume of 450 ml (see scheme). In accordance with
the values of the separation coefficients, 3 to 4 stages
are necessary for purification; however, it has been
found previously in a similar system [12, 13] that 12
stages are insufficient for obtaining pure zirconium(1V)
at phase ratio org: ag = 2.5: 1 in the washing stage
because of the gradual accumulation of admixtures
of silicon and titanium compounds, mainly as gels
in the organic phase.

Scheme of extraction purification of zirconium.

80% TBP Initial solution 5N HNOj3 H,O
2 1h! 11h! 11ht [1h!
1 8 9 32 33 40
Raffinate Re-extract TBP

1-3 g I'! ZrO, + HfO, 90-95 g 11 ZrO, to washing

To separate radionuclides, the organic phase ob-
tained after reextraction was periodically removed
from the process and treated with a Na,CO; solu-
tion or a fluorine-containing reagent. It was found
that there exist unextractable forms of zirconium(1V),
bound to silicon and calcium. The precipitate isolated
from the fluoride or carbonate reextract contained
(wt %): ZrO, 20-50; CaO 5-20; SIO, 3-20; Al,O4
1-5; Nb,Os;, Fe,0;, and TiO, <0.01 each.

Zirconium(lV) was isolated from the reextract
in the form of basic sulfate or oxaate. In the con-
tent of controllable impurities, ZrO, obtained by
calcination of oxalate was aso close to special-pu-
rity 9-2 brand (TU 6-09-4709-79) and contained no
(<0.01 wt %) hafnium. The activity of samples was
0.9-1.4 kBq kg™, including (2-4) x 10* wt % U and
(0.5-2) x 10~ wt % TH. The content of radionuclides
was lowered to 0.4-0.6 kBq kg™ by single prelimi-
nary extraction with 10% TBP from the initia solu-
tion and from the reextract.

The operation of the extracting apparatus was com-
plicated by the formation and motion along the cas-
cade of interphase gel-like precipitates, which had
to be removed periodicaly. Their composition ap-
proximately corresponded to that of the precipitate
formed in the carbonate reextract and differed only
in lower activity and presence of admixtures of tita-
nium, niobium, and tantalum compounds. The pre-
cipitate formed in the raffinate with an NH;-H,O
solution contained (wt %): Sc 0.2-0.4, Nb,Og5 7-9,
and Ta,0Og 1.1-1.3. This indicated that the impurities

nearly completely passed into this product, with the
exception of the amount lost with interphase precip-
itates. The content of hafnium(IV) in the sum of zir-
conium(lV) and hafnium(lV) was 45-65%.

The distribution of less-common and radioactive €-
ements in BC processing by sintering with (NH,),SO,
was evauated [3]. Sintering of BC with (NH,),SO,
at 500°C and a 10-fold excess of the decomposing
agent yields 99% decomposition [1]. Zirconium is
present in the cake as ammonium sulfate-zirconate
(ASZ).

The baddeleyite concentrate was decomposed in
a 6-fold excess of (NH,),SO, at 400—450°C, the cake
was dissolved in water, and the insoluble residue
was filtered off. The degree of decomposition was
95-96.5%. Niobium(V) and tantalum(V) were distri-
buted approximately evenly between the solution and
insoluble residue because of their poor solubility in
sulfuric acid solutions, whereas scandium, uranium,
and thorium mainly passed into solution in amount
proportional to the degree of BC decomposition. ASZ
with NH, : Zr : SO, ratio of 1: 1: (1.3-1.75), to which
the formula (NH,),[Zr,O,(0H),(HSO,),(SO,)s- 8H,0
has been ascribed [14], was isolated from the result-
ing supersaturated solution after keeping for 8-24 h
with periodic agitation. The isolation process was
accelerated upon introduction of an ASZ seed. The
yield of zirconium(lV) into the precipitate was 68—
72%, rare elements could be concentrated in the
mother liquor after its evaporation and recrystalliza-
tion, or by using the mother liquor to dissolve the
cake.

The slow crystallization favored a high degree of
purification to remove virtually any of the impurities.
Washing of ASZ with a saturated (NH,),SO, solu-
tion and calcination gave ZrO, containing admixtures
of Sc, Mg, Ca, Fe, Al, Ti, Nb, Ta, and Cr in amount
of less than 0.01 wt % each. The highest degree of
purification, compared with other techniques, was
achieved in removing silicon: its content decreased
from 0.69 wt % in the concentrate to 0.001 wt % in
ZrO,. Sufficiently successful was purification to re-
move uranium, to 2.0 x 107 wt %, but the whole
amount of thorium remained in ASZ and could not
be removed by recrystallization. To achieve deeper
purification, ASZ was converted into a hydroxide,
the hydroxide was dissolved in hydrochloric acid and
basic zirconium sulfate (BZS) was precipitated. Af-
ter calcination of ASZ, ZrO, contained (wt %): Mg,
Ca, Sc < 0.01; Fe, Al, Mn, Si, and Cr < 0.001;
Cu < 0.0001; Ti < 0.005; U < 0.002; Th < 0.003;
Nb,O5; < 0.005; Ta,0O; < 0.005.
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Table 4. Impurity content of zirconium sulfates

Extraction Yield, Content, wt % relative to ZrO, Specific
technique % . activity A,
Sc Nb Fe Si Ca Ti kBq kg™t
Evaporation 50 0.069 N.f. 0.03 0.02 0.1 0.01 3.9
80 0.042 0.01 0.03 0.02 0.1 0.01 3.9
70 0.09 N.f. 0.01 0.003 0.03 0.01 3.1
Salting-out 50 0.09 N.f. <0.01 0.003 0.1 0.01 2.8
80 0.046 N.f. <0.01 0.003 0.1 <0.01 2.6
Recrystallization 70 0.11 N.f. <0.01 0.001 0.03 <0.01 2.2

Thus, niobium(V) and tantalum(V) are approxi-
mately evenly distributed among the insoluble residue
and the mother liquor formed upon ASZ precipitation,
and major amount of scandium(lIl) is accumulated in
the mother liquor. An acceptable level of separation
of radionuclides can only be achieved by multistage
processing.

The baddeleyite concentrate is decomposed by sul-
furic acid at 300°C in the course of 4-5 h [1, 4]. Be-
cause of the high rate of H,SO, evaporation, the pro-
cess is carried out either in alarge excess of the acid,
or with the use of an autoclave or reflux condenser.
At H,SO, expenditure of 150% with respect to the
stoichiometry (2.5 kg of H,SO,-H,O per 1 kg of
BC), the degree of decomposition was 86-91% for
the —0.074-mm fraction. The decomposition became
somewhat more pronounced in a 3-5-fold excess of
the acid (not used in the experiments). Presumably,
the decomposition was not complete because of the
blocking of baddeleyite particles by a precipitate of
the forming zirconium sulfate. According to the re-
sults of X-ray phase analysis, zirconium(lV) was pres-
ent in the reaction mass as Zr(SO,), - 4H,0; in thermal
treatment of the sulfate mass, Zr(SO,),-H,O and
Zr(SO,), were formed successively.

Zirconium sulfate readily dissolved to a concentra-
tion of 120-170 g 1%, depending on the concentration
of sulfuric acid in solution. Although the undecom-
posed residue (0.12-0.15 kg per 1 kg of BC) is en-
riched with niobium(V) and tantalum(V) (1.5-2.0
and 0.8-0.9 wt %, respectively) because of their hy-
drolysis, a magjor part of niobium (~65%) and tanta-
lum (~40-45%) passes into solution. The specific
activity of the residue increases by 15-20% because
of the precipitation of radium sulfate. Scandium and
other impurities pass into solution in proportion to
the degree of BC decomposition. The solution ob-
tained was used to recover various zirconium(lV)
compounds.

Since the undecomposed residue is recycled into
the sulfatization process, the extent to which niobi-
um(V) and tantalum(V) pass into solution increases
significantly.

Crystallization of Zr(SO,), has been used to ob-
tain pure zirconium dioxide [9]. Zirconium sulfate
crystallized when the acidity increased to 6-8 M,
which was effected by introduction of H,SO, or by
evaporation. Table 4 lists data on the composition of
Zr(SO,), obtained by various techniques (the content
of impurities is given in terms of ZrO,). The content
of tantalum(V) was not determined, but it may be as-
sumed that its behavior in sufficiently concentrated
sulfuric acid solutions is similar to that of niobium.

As follows from Table 4, extraction and recrystal-
lization of Zr(SO,), leads to its purification to re-
move al impurities except scandium(ll), which is
concentrated in the first fractions of the precipitates
formed. Presumably, the bridging bonds of zirconi-
um sulfate can accommodate anionic complexes of
scandium, which are predominant in the sulfuric acid
medium [15]. The insufficient degree of purification
to remove radioactive impurities is presumably due
to coprecipitation of radium sulfate. The content of
niobium(V) and tantalum(V) in the precipitate formed
in the mother liquor with ammonium was 3.5-7.5
and 0.65-1.3 wt %, respectively.

Ammonium sulfate-zirconate was isolated from so-
lutions formed in sulfuric acid decomposition of BC
by neutralization with NH;-H,O to an NH; : Zr mo-
lar ratio of no less than 2 and acidity of 0.75-1.0 M.
The amount of precipitated zirconium(lV) was 85—
90%. Judging from the relative concentrations of the
components, the composition corresponded to the
(NH,)»,SO,-ZrOSO, sdt. The content of controllable
impurities in ASZ approximately corresponded to that
in zirconium sulfate, but the whole amount of scan-
dium remained in solution, and niobium(V) and tan-
talum(V) were distributed among the solution and
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precipitate, depending on the precipitation conditions.
Purification to remove radioactive impurities pro-
ceeded to a fuller extent, to 1.4 kBq kg™, with ura-
nium removed better than thorium.

Potassium fluorozirconate was extracted from the
sulfuric acid solution upon introduction KF and NH,F
into a hot solution in amount of 110% with respect to
the stoichiometry. A single phase, K,ZrFg, was re-
veded by X-ray phase anaysis in the precipitate
formed upon cooling. Niobium(V) and tantalum(V)
remained in solution, although formation of potassium
fluorometallates is also characteristic of these metals.
Scandium(l11) partly precipitated in the form of scan-
dium trifluoride or potassium fluoroscandate with
distribution coefficient of 0.3, and remained in the
concentrate of hafnium(IV) upon recrystallization of
the preciopitate. The precipitate formed in the mother
liquor with NH5-H,O contained (wt %): Nb,Og 3.7,
Ta,05 0.49, and Sc 0.19. Niobium(V) and tantalum(V)
can be selectively recovered from fluorine-containing
sulfate solutions by extraction.

Thus, in various methods for BC processing by
decomposition with H,SO,, niobium(V) and tan-
talum(V) are distributed among the insoluble residue
and the mother liquor, and the major part of scandi-
um(l11) is accumulated in the mother liquor. Nonra-
dioactive zirconium(lVV) compounds can be obtained
in al variants; however, techniques for fina concen-
tration of radionuclides require further development.

CONCLUSIONS

(1) A study of specific features of the distribution
of rare elements and radionuclides in various meth-
ods for processing of the baddeleyite concentrate to
obtain pure zirconium compounds and in its chemi-
cal purification revealed the products and wastes in
which the rare and radioactive elements are concen-
trated.

(2) Comparison of the behavior of rare elements
and radionuclides in chemical purification of the bad-
deleyite concentrate with that in processing of the
concentrate to obtain zirconium compounds confirms
that uranium and thorium are mainly contained in
accessory minerals, whereas scandium(l11) and major
part of niobium(V) and tantalum(V) crystallize iso-
morphically to baddeleyite.

(3) The possibility of concentrating radionuclides
and part of niobium(V) and tantalum(V) in sulfuric
acid purification of the baddeleyite concentrate was
demonstrated.

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76

(4) Simultaneous production of pure zirconium
compounds and recovery of rare and radioactive ele-
ments into separate concentrates is achieved the most
effectively by processing the baddeleyite concentrate
by the sintering method, with the formation and sub-
sequent recrystallization of zirconium oxychloride or
extraction processing of nitric acid solutions.
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Abstract—The influence exerted by sulfur contained in petroleum coke on sulfidization of acid-soluble
barium compounds formed in reductive calcination of recycled barium sulfate in sodium sulfide production

was studied.

A low-waste technique for manufacture of sodium
sulfide [1-3] is based on the interaction of barium
sulfide with sodium sulfate by the reaction

BaS + NaSO, = BaSO, + NaS. €N

Barium sulfide is regenerated by reductive calcina-
tion of the forming barium sulfate

BaSO, + 2C = BaS + 2CO,, 2

and, consequently, the barium raw material is not

spent, and only its replenishment is necessary. How-

ever, in reduction of BaSO, with carbon, the main

reaction (2) is accompanied by side reactions [4] as-

sociated with loss of sulfur and formation of acid-
soluble (as) barium compounds:

BaS + CO, + 150, = BaCO; + SO,, (3

BaS + 4CO, = BaCO; + SO, + 3CO, (4

BaS + H,0 + CO, = BaCO; + H,S, (5)

2BasSO, + C = 2BaSO; + CO,, (6)

BasO, + CO = BaSO; + CO,. 7

Admixtures of a barite concentrate, added to com-

pensate for the loss of barium, also form silicates,
ferrites, and other acid-soluble barium compounds.

The industrial BaS melt contains 65-75% water-
soluble (ws) barium compounds in terms of BaS,,
and 15-20% acid-soluble barium compounds in terms
of BaS,. In manufacture of BaCl, by the hydrogen
chloride technique [4], acid-soluble barium salts react
with HCI to give the target product. In the technique
for Na,S production in aqueous leaching of the melt,
acid-soluble barium compounds are not involved in
the formation of the target product and, being ac-
cumulated in BaSO, being recycled, affect adversely
the technical and economic characteristics of the pro-
cess.

The aim of this study was to minimize the yield of
acid-soluble barium compounds in reductive calcina-
tion of the stock by converting them into BaS, e.g.,
by the reaction

2BaCO5; + 2S5 + C = 2BaS + 3CO,, (8)

with the use of sulfurous petroleum coke as sulfidiz-
ing agent.

Petroleum coke manufactured from domestic oils
with 1-2% sulfur content contains sulfur in the form
of cyclic structures possessing high thermal stability.
The extent of desulfurization of sulfurous petroleum
cokes at 900-1000°C does not exceed 10-17% [5, 6],
which points to the possibility of using the sulfur con-
tained in petroleum coke in reduction-sulfidization
processes. Sulfur-containing components of volatiles
can aso be used as active sulfidizing agents.
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Table 1. Chemical composition of stock components

oo amter Barite Recycled WIR Petroleum coke
concentrate | barium sulfate no. 1 no. 2 no. 3
Content, wt %:
BaSO, 91.51 99.53 37.83
BaS, 0.11 3.00
BaS, 3.10 0.41 49.04
H,O 0.63 0.08 0.17 0.36 0.50 0.58
Acid-insoluble impurities, without BaSO, 4.25 5.52
c 0.58 91.95 89.90 92.53
S 2.45 1.78 0.68
Yield of volatiles 7.52 9.93 6.79
Ash content 0.53 0.17 0.68

" Water-insoluble residue upon leaching of BaS melt.
EXPERIMENTAL

To carry out the study, samples of a water-insol-
uble residue containing a complex of acid-soluble
barium compounds, together with BaSO, being re-
cycled, were prepared. The samples were obtained by
leaching in water a BaS melt from Soda Joint-Stock
Company, Sterlitamak, separating the water-insol-
uble residue, reacting a BaS solution with powdered
Na,SO, of pure grade [GOST (State Standard) 4166—
76], and filtering the suspension to obtain recyclable
BaSO,. The resulting substances were thoroughly
washed with hot water to remove S ions (with the
process monitored with indicator paper impregnated
with lead acetate) and dried.

The chemical composition of the samples obtained
and of those used to study the barite concentrate and
petroleum coke is listed in Table 1. The grain size of
al the stock components is 0.25 mm.

The study was carried out as follows. The stock was
prepared, with the petroleum coke taken in amount
(in terms of 100% C) of 125% with respect to the
stoichiometry of reaction (2); reductive calcination of
the stock was done in static mode in a muffle furnace
at 1000°C for 15 and 30 min in alundum crucibles
with caps; then the resulting BaS melt was subjected
to chemica analysis The melt was analyzed, after
being cooled in desiccator, for BaS and BaS,0; by
iodometry, for BaS,; and BaS, by compl exonometry,

and for water-insoluble resdue and carbon by gra
vimetry.

The results of chemical analysis were used to cal-
culate the degree of BaSO, reduction (n;), and de-
grees of BaSO, conversion into BaS,, (n,), BaSy

(m3), and BaS, (n,) and of BaS, conversion into
BaS,s (ns) and BaS, (mg) by the formulas

(mgBaSO4g — MyBaSO4m) x 100

= MyBaSOsg
_ 1.3778mgBaSy x 100
N2, M3, N4 = MgBaSOsg
_ myBaSy x 100
56 = B0

where m is the stock mass (g); m,,, the melt mass (g);
BaSO,y, BaSO,,, and BaS,, the contents of BaSO,
in, respectively, the stock and the melt and the content
of water- or acid-soluble barium compounds in terms
of BaS in the melt (wt %); BaS,4, the content of
acid-soluble barium compounds in terms of BaS in
the stock (wt %); 1.3778, the coefficient of BaS re-
caculation to BaSO,.

The results obtained in the experiment are listed in
Table 2. In the first stage of the study, experiments on
calcination of reactive BaCO4 of pure grade (GOST
4158-80) (run nos. 1-6) and WIR (run nos. 7-12),
in a mixture with petroleum coke, were conducted.

In the second stage (run nos. 13-27), petroleum
coke was used to reduce mixtures of reactive BaSO,
of pure grade (GOST 3158-75) with BaCOj; (run
nos. 13-18), of recycled BaSO, with WIR (run nos.
25-27), and of the barite concentrate of class A, KB-2
brand (GOST 4682-84) (run nos. 19-24).

The effect of sulfur contained in petroleum coke on
the sulfidization of acid-soluble barium compounds
was assessed in run nos. (1-12) on the basis of n5 and
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Table 2. Results obtained in a study of the influence exerted by sulfur contained in petroleum coke on the sulfidization
of acid-soluble barium compounds (reduction temperature 1000°C, amount of petroleum coke in terms of 100% C 125%)

RuN %g . Melt composition, wt % . n b N3 N4 N5 Mg
no. E% mi,n BaSes, Wt %
558 BaS, | BaS,s | BaSy |BaSO,+ash %

11| 15 159 | 531 4.29 4.93 _165.6 425 | 127
2| 2| 15 201 | 466 4.05 4.76 _1675 374 | 161
33| 15 0.03 | 4.45 5.66 4.30 -/54.7 356 | 0.2
41 1| 30 099 | 335 3.64 9.04 /713 264 | 7.8
52| 30 1.86 | 329 5.29 5.41 -/585 25.8 | 14.6
6| 3| 30 001 | 277 5.91 6.29 _/53.6 21.8| 01
71 1| 15 422 | 8357 | 973 2.62 -125.7 67.8 | 34.3
8| 2| 15 456 | 7.64” | 10.00 2.63 _/17.4 63.1 | 37.7
9| 3| 15 412 | 7777 | 1034 2.90 _/15.4 62.8 | 33.7
10| 1| 30 431 | 7317 | 11.29 2.45 -18.8 50.1 | 34.8
11| 2 | 30 429 | 690" | 11.18 3.03 -185 56.5 | 35.1
12| 3| 30 429 | 696 | 11.48 321 71 56.3 | 34.7
13| 1 | 15 | 6229 |63.02 3.44 26.47 1.38/- 776 | 729 | 737 | 16

14| 2 | 15 | 7067 | 7138 4.75 20.68 2.54/— 837 | 771|779 | 28

15| 3 | 15 | 61.24 | 6218 5.06 27.93 2.98/— 76.6 | 71.0 | 720 | 35

16| 1 | 30 | 8045 |8232 4.06 13.03 1.74/- 90.2 | 837 | 856 | 1.8

17| 2 | 30 | 80.70 | 87.74 5.21 6.11 2.90/— 954 | 84.4 | 91.8 | 3.0

18| 3 | 30 | 7499 |79.13 8.89 8.58 6.66/— 934 | 810 | 854 | 7.2

19| 1 | 15 | 4302 | 4535 6.46™" 39.43 2.94/— 66.9 | 56.9 | 60.0 | 3.9

20| 2 | 15 | 50.78 | 5256 7.64" 33.14 3.98/- 740 | 648 | 67.1 | 5.1

21| 3 | 15 | 3315 |37.37 7.96™ 45.31 4.55/— 50.7 | 45.4 | 51.2 | 6.2

22| 1| 30 | 76.90 |80.94 6.62"" 8.43 2.52/— 97.8 | 875|921 | 29

23| 2 | 30 | 7953 | 8317 717" 6.01 3.03/- 99.8 | 89.6 | 93.7 | 34

24| 3 | 30 | 7913 |8L14 8.88"" 6.55 4.75/- 99.4 | 894 | 91.7 | 54

25| 1 | 30 | 90.08 |9370"" | 4.01 2.02 —/12.79 | 98.9 | 955 | 99.3 | 0.00

26| 2 | 30 | 8759 |91.39"" | 4.65 2.54 0.05/— 98.4 | 92.8 | 96.8 | 0.05

27| 3| 30 | 8198 |8624" | 478 8.28 0.17/- 941 | 87.3 | 919 | 0.18

" Numerator, formed; denominator, spent.

* %

Less the content of BaS in the raw material.

ne values and the amount of spent BaS,, related to
that introduced into the stock in the form of BaCOg
and WIR; in run nos. 13-27, this was done on the
basis of the n, value. In addition, the completeness of
the process was assessed on the basis of n;—s.

As seen from Table 2, run nos. 1-6, in which
BaCO; was calcined, clearly reveal an increase in
the conversion of BaS, into BaS,, (ns) in relation
to the sulfur content of the petroleum coke. However,
the degree of BaS, conversion into BaS ) (ng) shows
another behavior: |t reaches a higher val ué with petro-
leum coke no. 2 as reducing agent. This coke is char-
acterized by higher content of volatiles containing
methane, hydrogen and organosulfur compounds,
which intensify the reduction process [5]. The low

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol.

content of sulfur in petroleum coke no. 3 accounts for
the virtually zero extent of sulfidization of acid-solu-
ble barium compounds in run nos. 3 and 6 (ng of 0.2
and 0.1%, respectively), although ng has rather high
values. Apparently, in these runs, as aso in some
others (run nos. 1, 2, 4, and 5), BaCO; is reduced in
the presence of carbon [14] in accordance with the
equation

BaCO; + C = BaO + 2CO (9)

with the subsequent conversion of BaO into Ba(OH),
upon melt dissolution, with the latter barium com-
pound determined as BaS,..

Raising the time of stock reduction to 30 min leads
to oxidation of the BaS formed to BaS,0; and BaSO,,
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with the corresponding decrease in ng and ng. The
same behavior is observed in experiment nos. 7-12,
devoted to WIR calcination. In this case, too, keeping
the melt in the reaction zone for 30 min resulted in
adecrease in ng, with adramatic fall of the amount of
spent BaS,; relative to that introduced into the stock:
from 25.7 to 8.8% (petroleum coke no. 1), from 17.4
to 8.5% (petroleum coke no. 2), and from 15.4 to
7.1% (petroleum coke no. 3). The apparent increase
in the ng and ng values in these runs, compared with
the results obtained in run nos. 1-6, occurred because
of the reduction of BaSO, contained in WIR.

In the following set of experiments (run nos. 13-
27), the same tendency toward a decrease in the de-
gree of BaSO, conversion into BaS,; (n,) with in-
creasing content of sulfur in a petroleum coke was
revealed, and higher degree of BaSO, reduction (n,)
was obtained in run nos. 14 and 17 with petroleum
coke no. 2 containing the largest amount of volatiles.
In this case, raising the duration of calcination from
15 to 30 min exerts positive influence on the process
characteristics, and, therefore, reduction of a mix-
ture of BaSO, being recycled and WIR was done at
a single experiment duration of 30 min.

Noteworthy is the fact that the reduction in a mix-
ture with WIR of the barite concentrate and BaSO,
being recycled occurs to a fuller extent (n, of 99.8
and 98.4%, respectively), compared with the case of
a mixture of reactive reagents BaSO, and BaCO,
(my = 95.4%). Apparently, in the first case, the high
intensity of the process is achieved because of the
presence of catalyzing components (Fe,O; etc.) in
the stock [5, 7], with additiona increase in the case
of BaSO, being recycled resulting from the more de-
veloped phase boundary in the freshly precipitated
product.

However, of practical interest for the method of
Na,S production is the degree of BaSO, conversion
into BaS (my), since it is BaS that is the supplier
of S% ions to the finished product, N&a,S. The reduc-
tion of a mixture of BaSO, being recycled and WIR
with a petroleum coke containing 2.45% sulfur yielded
ans value of 95.5%. In this case, the loss of acid-sol-
uble barium compounds, caused by their sulfidiza-
tion, was 12.79% relative to their content in the initial
stock (n, = 0).

Cdlculations performed on the basis of the exper-
imental data obtained demonstrated that, in processing
the barite concentrate of the KB-2 brand, the content
of sulfur in the petroleum coke should not exceed

3.0%, since an excess of sulfur complicates neutraliza-
tion of furnace gases. The requirements to the content
of sulfur in a petroleum coke should be determined in
relation to the amount of SiO,, Fe,O; and Al,Oq
impurities in the barite concentrate and that of acid-
soluble barium compounds in BaSO, being recycled.

CONCLUSIONS

(1) The sulfidizing action of sulfurous petroleum
coke on the reductive calcination of barite raw ma-
terials is established. This favors minimization of
the yield of acid-soluble barium compounds, which
is important for the technology of sodium sulfide
manufacture.

(2) It is shown that, with a petroleum coke contain-
ing 2.45% sulfur used, a 95.5% conversion of BaSO,
into BaS, is achieved in reduction of BaSO, bemg
recycled, ‘and the conversion of BaSO, to BaS,
zero, compared with 87.3 and 0.18%, respectlvely, for
the petroleum coke containing only 0.68% of sulfur.

(3) Noteworthy is the positive influence exerted by
catalyzing components of the stock, e.g., Fe,O;, and
by developed phase boundary in freshly precipitated
BaSO, on the process of reduction with sulfurous
petroleum coke of the barite concentrate and BaSO,
being recycled, with 98.9-99.8% BaSO, reduction
achieved.

REFERENCES

1. RF Patent 2142907.

2. Busygin, V.M., Gaisin, L.G., Tkachev, K.V., and
Prokhorov, A.G., XIV Mendeleevskii s’ ezd po obshchel
i prikladnoi khimii (X1V Mendeleev Congress on Gen-
eral and Applied Chemistry), Moscow, 1998, vol. 2,
pp. 253-254.

3. Tkachev, K.V., Gaisin, L.G., Prokhorov, A.G., et al.,
Khim Prom-st., 2001, no. 9, pp. 44-49.

4. Akhmetov, T.G., Busygin, V.M., Gaisin, L.G., and
Porfireva, R.T., Khimicheskaya tekhnologiys neorga-
nicheskikh veshchestv (Chemical Technology of In-
organic Substances), Moscow: Khimiya, 1998.

5. Trutnev, G.A., A Study of Application of High-Sulfur
Petroleum Coke in Some Chemical Technology Proc-
esses, Cand. Sci. Dissertation, Ufa, 1978.

6. Koshkarova, M.E., Use of Sulfurous Petroleum Coke
as Reducing Agent in Non-Ferrous Metallurgy and
Chemical Industry, Cand. Sci. Dissertation, Moscow,

1984.

7. Alekseev, V.1, A Study of Reductive Calcination of
Barite Concentrates, Cand. Sci. Dissertation, Kharkov,
1977.

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 2 2003



Russian Journal of Applied Chemistry, Vol. 76, No. 2, 2003, pp. 191-194. Translated from Zhurnal Prikladnoi Khimii, Vol. 76, No. 2, 2003,

pp. 201-204.
Original Russian Text Copyright © 2003 by Zarubitskii.

INORGANIC SYNTHESIS

AND INDUSTRIAL

INORGANIC CHEMISTRY

Refining of Lead To Give Bismuth-Enriched Drosses

O. G. Zarubitskii

Vernadskii Institute of General and Inorganic Chemistry, National Academy of Sciences of Ukraine, Kiev, Ukraine

Received June 3, 2002

Abstract—The results obtained in testing an improved technique for reagent refining of crude lead, which
yields bismuth-enriched drosses in the form of a powder, are presented. The advantages of the method put

into industrial practice are described.

The pyrometallurgical method proposed by Kroll
and Betterton [1, 2] is mainly used at lead works to
remove bismuth admixtures from refined crude lead
(lead bullion). This, the most complicated procedure
is carried out after silver removal. It involves dissolu-
tion of blocks of circulating bismuth drosses at 400°C
and subsequent introduction of magnesium and cal-
cium into melted crude lead at 360-370°C. These
metals react with bismuth to form intermetallic com-
pounds: CagBi,, MgzBi,, Mg,CaBi,, which are poorly
soluble in lead and are deposited on the bath surface.
They are extracted as the so-called “enriched” bismuth
drosses with bismuth content of 3-5%. Then the bath
is cooled to 340-350°C and “lean” circulating drosses
containing 0.5-2% Bi are extracted. Repeated circu-
lation of drosses can increase the bismuth content up
to 5-11%, to give a lead-bismuth alloy containing
8-15% Bi [1]. The increase in the bismuth content
from 5-11 to 8-15% results from removal of mag-
nesium and calcium from the drosses with molten
NaOH. A 5-6% fraction of Bi passes into the result-
ing akaline melts.

The existing technology for Pb—Bi alloy production
does not ensure isolation of bismuth-enriched (to more
than 8-15%) products and is characterized by repeat-
ed dross circulation, which leads to loss of the target
metal and involves additional consumption of reagents
(magnesium, calcium, and sodium hydroxide).

Various methods for dross enrichment with bis-
muth have been proposed. For example, centrifugal
refining can enrich drosses to Bi content of 18-21%
a its initial concentration of 5.7% [3]. Air bubbl-
ing through liquid metal (cupellation) a 900—950°C
can raise the bismuth content of a Pb-Bi aloy being
treated from 14 to 40-60%, with simultaneous re-

moval of antimony, tin, arsenic, and tellurium [4].
This method has been implemented in industry.

Of specia interest are the publications [5-7] de-
scribing the possibility of using organic compounds
in pyrometallurgical processing of lead-bismuth al-
loys. For example, in purifying bismuth to remove
lead and copper by adding sulfur to a metalic melt,
friable yields can be obtained if carbon or masut is
introduced into the metal being refined [5]. It is re-
commended [6] that coal-tar pitch should be added
to a melt to enrich dross with bismuth, which yields
an alloy containing 40% Bi and 60% Pb. Dry drosses
are obtained by adding sawdust to crude lead (modi-
fied Kroll and Betterton method [6, 7]). However,
the authors of [5, 7] did not consider the mechanism
by which the above-mentioned organic compounds
affect the metallurgical processes under consideration.

EXPERIMENTAL

Our experiments and pilot tests made it possible to
develop and put into industrial practice an improved
method for lead refining, which provides lead alloys
with high bismuth content. The technological process
consists in the following. First, magnesium and cal-
cium are introduced into crude lead at 375-400°C
(rather than the commonly used circulating dross),
and then the temperature of the refining bath is raised
to 475-490°C and circulating drosses are loaded.
After settling for 25-35 min, dead oil (0.13-0.18 kg
per 1 ton of lead to be refined) is introduced in por-
tions with continuos agitation at 400-470°C. After
liquation, solid powdered drosses (30-40% Bi, 50—
60 Pb, 5-10 Zn, 0.015-0.02 Ag) are extracted, cooled
to room temperature, and classified by sieving with
0.10-0.15 mm mesh. Drosses remaining on the sieve
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are loaded in the lead bath for recirculation, whereas
sifted drosses (—0.10-0.15-mm class) are remelted to
obtain a lead-bismuth alloy. After the removal of dry
drosses, the temperature is lowered to 330°C, and cir-
culating bismuth drosses are taken off. The refining
process is finished according to the standard scheme.

Powder drosses of the +0.10-0.15-mm class, con-
taining (%) 12-17 Bi, 50-55 Pb, 25-40 Zn, and
0.06-0.07 Ag, are purified to remove silver, which
diminishes the expenditure of metallic zinc by ap-
proximately 50%, and loss of silver and bismuth, by
approximately 30%. Thus, in contrast to the common
technologies, this method does not involve a labor-
consuming procedure of lead bullion purification to
remove zinc introduced into lead to recover silver.

Powder drosses of the —0.10-0.15-mm class are
remelted under a layer of slam (spent PbCl,—ZnCl,—
KCl-NaCl electrolyte used at the plant in electro-
chemical reactors for separating lead-bismuth alloys
in ionic melts [8]). In this case, the following reac-
tions occur

MgsBi, + 3PbCl,

3MgCl, + 3Pb + 2Bi,
CagBi, + 3PbCl, = 3CaCl, + 3Pb + 2Bi.

Such a procedure is expedient because lead, which
was previously dumped as a salt in a chloride mixture,
is returned into the production cycle. The resulting
lead—bismuth alloy contains 55-65% Bi and the bal-
ance lead.

In pilot tests, we used dead oils of BN-IV and
BN-V brands, which have softening points of 70
and 90°C, respectively. Specia bitumens of A and
G brands, and aso pitches and other products of
straight-run masut distillation, can be used for this
purpose.

The tests have shown that the initia introduction
of calcium and magnesium into crude lead at 375-
400°C and subsequent addition of circulating drosses
at higher temperature (475-490°C) diminish the loss
of active metals (magnesium and calcium) and thus
make lower the process costs. According to this tech-
nique, the purification to remove bismuth is carried
out at bath saturation with bismuth higher than 2%.
The introduction of calcium and magnesium at 375-
400°C ensures high dissolution rate at minimum loss
of the active metals, which can be oxidized by at-
mospheric oxygen or moisture. At 475-490°C the
dissolution of circulating drosses proceeds faster,
the solubility of all the components added is higher

a elevated temperature, and, simultaneoudly, lead is
deoxidated and cooled. Thus, complete use of the re-
agents is achieved, and drosses very rich in bismuth
are obtained in small amounts. This is also important
for the subsequent introduction of a solid product of
heavy oil residuals, e.g., dead oil, to be carried out
successfully. Under these conditions, fine particles of
bismuth intermetallics do not aggregate, which makes
it possible to obtain bismuth-rich drosses.

In carrying out this operation, dry powder drosses
with high bismuth content (33-37%) are formed as
a phase on the lead surface. The results of X-ray dif-
fraction, mass-spectrometric, microscopic, and chem-
ica analyses suggest that the forming particles of
intermetallic compounds, and especialy bismuth in-
termetallide Mg;Bi,, are wetted with bituminous hy-
drocarbons (asphaltenes etc.). This phenomenon elim-
inates wetting of intermetallic particles by liquid lead,
because the adsorption energy of hydrocarbons on
the surface of solid intermetallic particles is higher
than the energy of lead adsorption. Consequently,
bismuth drosses are formed as powders containing
no coarse conglomerates with adsorbed or adhering
lead. This results in that the bismuth drosses are
obtained in powdered (dry) form and contain much
lesser amounts of lead and greater amounts of bis-
muth. According to a mass-spectrometric anaysis of
the gas content of samples, the fine powder contains
2.5 and 3 times greater amount of, respectively, hy-
drogen and carbon dioxide than the coarse fraction
does. This may indicate that bitumen is mostly ad-
sorbed on fine-fraction particles of bismuth drosses.

Our physicochemical study has shown that powder
drosses with particle size less than 0.10-0.15 mm are
largely composed of bismuth intermetallides (mainly
MgsBi, in amount of 30-35%, according to X-ray
analysis). Drosses with particles larger than 0.10-
0.15 mm additionally contain intermetallic compounds
of zinc and lead. It was established that the fine frac-
tion of dry powder drosses with particle size less than
0.15 mm contains (%) 43-50 Bi, 35—-45 Pb, 0.1-0.5
Zn, 0.002-0.003 Ag, and Caand Mg the rest. Drosses
of the +0.10-0.15-mm class are complex intermetal-
lic compounds of zinc, bismuth, lead, silver, calcium,
and magnesium.

The expenditure for production of bismuth from
an aloy containing 55-65% Bi is considerably less
than that for production of the same amount of Bi
from an alloy with bismuth content of 15% (thisis the
maximum Bi content ensured by the currently existing
procedures). In this case, the expenditure of electric
power and electrolyte, number of electrolyzers, floor
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area, and maintenance staff are diminished. This is
confirmed by the following simple calculation of, e.g.,
the electric power expenditure.

Let us assume that a plant accomplishes electro-
chemical separation of a lead-bismuth aloy contain-
ing, on average, 12% Bi and 88% Pb by the formerly
used technology, i.e, it is necessary to transfer elec-
trochemically 88 tons of Pb from anode to cathode in
order to produce 12 tons of Bi. If, however, a lead-
bismuth alloy enriched with bismuth to 60% by the
new technology is subjected to electrolysis, it is nec-
essary to dissolve at the anode and precipitate at the
cathode only 8 tons of Pb in order to obtain the same
amount of Bi (12 tons). Consequently, the amount
of lead to be electrolyzed in the second variant is 11
times less than that in the case of the standard tech-
nology. The expenditure of electric power, number of
electrolyzers, etc. will be equally diminished.

The results obtained in industrial tests of the lead
refining technique under consideration, which yields
a bismuth-enriched Pb-Bi alloy, are presented below.

The experiments were carried out in cauldrons
with capacity of 125-130 tons of crude lead (lead
bullion). The sequence of operations was described
above. The size classification of powder drosses
yielded 5.3-6.0 tons of a fine fraction containing
43.7-50.6% Bi and 2.8-3.8 tons of grit with Bi con-
tent of 12.6-17.2%. After remelting of the fine frac-
tion under a fluxing agent (PbCl,—ZnCl,—KCI-NaCl),
4.2-4.5 tons of aloy with Bi content of 55.1-59.9%
were obtained. The process was implemented indus-
trially and ensured a significant technological and
economic effect. The environmental safety was im-
proved, because we used a lesser number of electro-
chemical reactors producing lead by high-temperature
electrolysis of a lead chloride melt.

A somewhat different technique for lead-bismuth
alloy enrichment was also developed and applied in in-
dustry. At one of lead-manufacturing plants, a Bi—Pb
aloy is separated by electrolysis in hexafluorosili-
con electrolyte, following the Betts procedure [1, 9].
A semi-finished product with Bi content of 8-15%
is used as the starting aloy. It is desirable to raise
the content of this metal, but to no more than 30%. If
the bismuth content in Pb—Bi anode plates is greater,
the anodic process is significantly complicated. As
lead is dissolved, the solid aloy lattice is disrupted
and narrow channels are formed, in which lead hexa-
fluorosilicate is crystallized. At the same time, alarge
amount of bismuth is dissolved and deposited at the
cathode. Small pieces of the anode are crumbled and

entrained by sam. The surface layer of the pieces
consists of virtually pure bismuth, and the inner layer,
of electrochemically unreacted lead. Industrial tests
have shown that the Betts method for processing of
Pb-Bi aloys containing more than 30% Bi is inex-
pedient.

Taking into account the aforesaid, we proposed,
developed, and implemented industrially a somewhat
different method for enrichment of bismuth drosses.
The method, which is simpler and less expensive,
consists in the following. To refine lead containing
0.5+ 0.1% Bi, a mixture of bitumen (45-75 wt %)
and sawdust (25-55 wt %) is added, and the process
is performed at lower temperature (370-390°C). As
a result, powder drosses containing 23-27% Bi are
obtained and delivered to hydroelectrolytic processing
by the Betts method. This procedure involves separa-
tion of drosses and thus eliminates the additional stage
of bath heating to a temperature of 400-470°C, at
which drosses are separated in the method described
above. The addition of sawdust (which is less expen-
sive than bitumen) prevents the possible inflamma
tion of bitumen particles floating-up to the surface
of a lead bath. Sawdust contains moisture, which
evaporates to cool the upper layers of molten lead. It
should be noted that sawdust is introduced into the
liquid metal being refined not simultaneously with
dead oil, but later, when obtaining “dry” powder
drosses. In addition, sawdust plays the same part in
the separation of intermetallic compounds of bismuth
as dead ail.

This method makes lower the cost of bismuth re-
moval from lead because of the use, in addition to
bitumen, of such aless expensive material as sawdust.
Labor conditions are improved owing to the elimina-
tion of the possibility of bitumen inflammation. The
energy expenditure, labor intensity, and reagent con-
sumption are much lowered owing to a significant
decrease in the amount of lead-bismuth aloy to be
processed by an electrolyzer in a hexafluorosilicon
acid solution.

CONCLUSIONS

(1) A modified Kroll and Betterton method for
lead purification to remove bismuth has been pro-
posed and subjected to pilot tests. The improvement
consists in that dead oil or its mixture with sawdust
is introduced into metal melt in a certain stage of re-
fining to yield rich bismuth drosses in the form of
a powder. The separation of the product is aso a spe-
cific feature of the process.
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(2) The method for lead and bismuth separation,
which was developed and implemented industrialy,
makes it possible to produce a bismuth-lead alloy
containing up to 55-65% Bi.
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Abstract—Distillation processes and the liquid-vapor phase equilibrium in the systems phenol-water—hy-
droxyacetone and phenol-water—o-methylstyrene at atmospheric pressure were studied. The direction of
the digtillation lines was established and the possibility of preparing pure phenol and concentrating other
components, i.e., impurities, in various regions of distillation of the systems was determined.

Owing to the increasing stringency of requirements
to the quality of phenol used for production of various
polymers, including those exhibiting heat resistance,
it is necessary to study in more detail processes of
ditillation of a mixture of phenol with concomitant
impurities in the stage of phenol isolation as a com-
mercial product. Among the main impurities deter-
mining the quality of commercial phenol are water,
a-methylstyrene, and 2-methylbenzofuran, with the
last compound being a product of reaction between
hydroxyacetone and phenol in the final stages of
phenol isolation.

Data on liquid-vapor phase equilibrium in mixtures
of phenol with water, a-methylstyrene, and hydroxy-
acetone form a physicochemical basis for determining
the optimal conditions of phenol rectification to re-
move concomitants. Published data are only available
for the system phenol-water—a-methylstyrene at
66.65 hPa [1]. At the same time, commercia phenol
is commonly isolated from agueous solutions under
nearly atmospheric conditions.

Experiments on determining the liquid-vapor equi-
libria were performed on a Bushmakin device mod-
ified by Smirnova and Morachevskii in order to study
stratification liquids [2]. The presence of an azeotrope
in the hydroxyacetone-water system was judged from
data of gas-liquid chromatography (Hewlett—Packard
5890 chromatograph). The mixtures were distilled on
a film rectification column with efficiency of 25
theoretical plates. Prior to al experiments, nonvolatile

antioxidants were added to the solutions to prevent
oxidation of the active components of the mixtures
studied. The rectification of aqueous hydroxyacetone
mixtures did not reveal presence of an azeotrope with
the lowest boiling point, since the hydroxyacetone
concentration in the first fractions (T, =100.0°C, P =
1013 hPa) was less than 0.01 wt %.

Data on the liquid-vapor equilibrium are listed in
Table 1 for the binary system water—hydroxyacetone

Table 1. Data on liquid (X)-vapor (Y) equilibrium in
the system hydroxyacetone (1)-water (2)

Xq Yi

P, hPa T, °C

mol %

433 104.0 69.13 55.18
433 80.5 9.67 4.87
433 77.8 4.49 2.18
433 77.6 1.91 1.08
433 775 0.68 0.31
433 77.5 0.43 0.20
993 129.4 48.54 39.79
1000 106.8 26.90 9.60
981 101.0 9.67 5.13
997 100.1 3.93 2.04
993 99.5 1.91 1.21
978 99.5 0.85 0.45
992 99.5 0.44 0.17
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Table 2. Data on liquid (X;)-vapor (Y;) equilibrium in the system phenol (1)-water (2)-hydroxyacetone (3)

X, Xq Y, Y, Yo%, Y,

P, hPa T, °C o = K= —

mol % X3Yq X3
987 130.4 81.53 5.96 28.62 2.52 1.20 0.42
987 140.2 84.55 4.21 35.48 1.94 1.10 0.46
985 147.4 89.03 3.19 39.51 1.44 1.02 0.45
988 153.2 91.55 2.05 47.69 1.12 1.05 0.55
1002 160.1 92.65 1.21 55.31 0.87 1.20 0.72
1006 165.6 93.48 0.80 63.63 0.64 1.18 0.80
1005 168.9 95.14 0.48 68.81 0.41 1.18 0.85
1002 174.7 97.05 0.14 775 0.15 1.34 1.07
986 179.7 99.06 0.063 96.91 0.079 1.28 1.25
9088 114.9 69.15 0.043 22.55 0.004 0.29 0.09
982 117.6 68.37 0.88 21.87 0.17 0.60 0.19
1000 135.5 57.12 29.11 9.45 17.12 3.55 0.59
988 147.8 78.94 14.22 25.41 10.07 2.20 0.71
990 161.2 89.02 5.84 50.40 5.57 1.68 0.95
982 169.8 94.40 2.61 69.13 2.67 1.40 1.02
973 177.0 96.84 0.35 92.27 0.37 1.11 1.06
974 178.6 98.98 0.09 94.48 0.12 1.40 1.33
986 124.6 77.9 0.051 14.96 0.018 1.84 0.35

and in Table 2 for the ternary phenol-water—hydroxy-
acetone system.

The experiments performed made it possible to
construct diagrams of distillation lines and regions
(Fig. 18). The family of the distillation lines is divided
into two distillation regions 1 and 2. The strong de-
pendence of the concentrations and the relative vola-
tility of hydroxyacetone on the phenol : water ratio is

(2)

Hydroxyacetone

2 \
Y JANAVASNANAR

phenal 2N NN N/N/N/ NP woater
80 40
mol %

characteristic of the distillation lines in region 1 ad-
jacent to phenol and occupying the major part of the
concentration triangle. In some cases, the reative
volatility is lower than unity.

Anaysis of the curve of the extremal concentra-
tions of hydroxyacetone (Fig. 1a, dashed line) shows
that, at a given hydroxyacetone concentration in the
initial mixture, pure commercia phenol can be isolated

(b)
o-Methylstyrene

e VAR fanc

AV

Fig. 1. Diagram of distillation regions and lines in the systems (a) phenol-water—hydroxyacetone and (b) phenol-water—

o-methylstyrene at atmospheric pressure.
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Table 3. Data on liquid (X;)-vapor (Y;) equilibrium in the system phenol (1)-water (2)—a-methystyrene (3)

g = Xy X3 Y1 Y; | 2 = Xy X3 Y1 Y3
2| | T 2 | T

& mol % & mol %

@ @

1 1015 118.13 | 64.00 | 20.72 3.07 1.47 6 1008 133.16 | 33.05 | 59.32 5.18 | 22.83
2 1012 142.38 | 79.59 | 12.89 4.85 291 7 1009 155.74 | 67.37 | 29.56 | 31.03 | 3351
3 1012 160.45 | 88.82 5.75 | 43.00 7.33 8 1013 167.80 | 86.29 | 12.80 | 54.20 | 21.16
4 1013 168.94 | 95.87 2.37 | 67.45 6.40 9 1016 17452 | 94.34 5.08 | 70.98 | 11.96
5 1014 17564 | 98.35 0.92 | 81.83 258 || 10 1014 177.90 | 97.56 212 | 87.02 6.16

Table 4. Data on liquid (X')-liquid (X;") equilibrium in the system phenol (1)-water (2)-o-methystyrene(3) at 20°C

Run no.; X1 X3 X X3 Run no.; X{ X3 X! X3
the same the same
as in Table 3 mol % as in Table 3 mol %
1 0.68 0.01 22.92 69.39 6 0.52 0.00 13.95 66.18
2 1.21 0.01 40.12 30.93 7 1.27 0.02 35.17 38.14

in region 1 only up to a certain phenol/water ratio.
The most complete concentrating of hydroxyacetone
is possible in region 2, which is adjacent to water.
The distillation line separating regions 1 and 2 is
shown in Fig. 1la by dashed line.

Table 3 lists data on the liquid-vapor equilibrium
in the phenol-water—a-methystyrene system at atmo-
spheric pressure. In run nos. 1, 2, 6, and 7, the con-
densate of sampled vapor stratified. The composi-
tions of its lower and upper layers are given in Ta
ble 4. The diagram of the distillation lines and regions
for the system is shown in Fig. 1b. There exist three
distillation regions. Pure phenol can be isolated in
region 1, which is adjacent to phenol. Isolation of
pure a-methystyrene is possible in region 3, which is
adjacent to water.

CONCLUSIONS

(1) The experimentally obtained data on the liquid—
vapor equilibrium in the systems water—hydroxy-
acetone and in the ternary system phenol-water—hy-

droxyacetone made it possible to assess conditions of
phenol rectification in its mixtures with water and
hydroxyacetone.

(2) The experimental data on the liquid—vapor equi-
librium in the phenol-water-hydroxyacetone ternary
system at atmospheric pressure were used to deter-
mine the conditions of phenol rectification in mixtures
with water and o-methylstyrene.
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Abstract—The method of sorption of tetrachloromethane vapor at the solid/gas interface was applied to
study the sorption and structural properties of a mesoporous aluminum oxide material obtained by deposi-
tion of amorphous hydrated silicon(lV) oxide onto a-aluminum oxide particles submerged in decationized

silica sol.

Varieties of colloid silica, from silicic acids to sols,
are commonly deposited on surfaces in order to di-
minish or raise their adhesion to other substances.
The resulting thin SIO, films enable modification
of the surface properties of the substrate and expand
the application fields of its valuable volume proper-
ties. For example, a dense coating on atitanium oxide
pigment can protect it from photocatalytic degrada-
tion [1], and a porous coating deposited on a selective
catalyst and exhibiting a sieving effect precludes un-
desirable side reactions in the catalytic process [2].
However, despite the interest in properties and de-
position of various silica coatings [1-5], there are
virtually no published data on how the sorption char-
acteristics of substances change upon SiO, deposition.
In contrast to the structure of the conventiona bulk
silica gel, whose formation is much contributed by
stages of gel formation, syneresis, and drying [6],
the structure of thin SO, films is the most sensitive
to the last stage, which is more important than the
others, and the time of structure formation is much
shorter than that in xerogel SIO, [5].

The am of the present study was to apply the
method of sorption of tetrachloromethane vapor at
the gas/solid interface to analysis of the structura
properties of aluminum oxide materials obtained by
deposition of amorphous hydrated SiO, onto a-Al,O4
particles submerged in decationized silica sol. Upon
drying, such substances, which are densified when
necessary to a desirable extent, are potential sensors,
membranes, or catalysts, and mixtures of a colloid
silica with highly dispersed Al,O; may serve as thin-
layer coatings in cellular supports with developed
surface [7].

As substrate for a silica coating was used a-Al,04
with specific surface area S, = 27 x 10® m? kg™ and
density of 3700 kgm™ A decationized silica sol with
pH 3.5 and SIO, content of 2.0 wt % was obtained by
passing diluted agueous solution of Na,SiO; through
a column packed with KU-2 sulfo cation-exchange
resin in hydrogen form [8]. Then, a certain amount of
silica sol, corresponding to Si: Al molar ratios of
0.1:0.9, 03:0.7, 05:05, 06:04, and 0.7:0.3
was delivered by a dosing pump to a vessel with
aqueous suspension of aluminum oxide powder, which
contained 2.5 x 10 kg a-Al,O; per 1 kg of H,O.
Simultaneously, NH;-H,0 was added to pH 7.5, and
then hydrochloric acid to pH 5.6. After keeping
the gel in liquid state for 0.5 h the solid phase was
separated by decantation, washed with distilled water
to complete absence of a reaction for ClI™ ions in
washing water, and dried in air, first at room temper-
ature and then at 393 K for 4 h. The corresponding
bulk silica gel was prepared from acidic decationized
silica sol in the absence of o-Al,O,.

Adsorption-desorption isotherms of CCl, vapor
were measured gravimetrically at 293 K after prelim-
inary vacuum treatment of samples at 413 K for 16 h.
The specific surface area was calculated from the
monolayer capacity by the BET equation in linear
form at relative pressures p/p, = 0.05-0.25 with sur-
face area occupied by a CCl, molecule taken to be
0.322 nm?. The amount of adsorbed vapor was ex-
pressed in volumes V of the liquid adsorbate per 1 kg
of adsorbent. The limiting sorption volume of pores,
V,, was found by the Gurvich method [9] from the
amount of vapor sorbed at saturation. The shape of
mesopores was assessed in accordance with TUPAC
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recommendations from the shape of the adsorption-
desorption hysteresis loop [10]. The average pore
radius r, was found using the relation

ro = 2Vp/Sy, @)

and the radius of globules of aluminum oxide mate-
rials, r, by the formula

= Sy, @

where p is the density of the solid.

To analyze the isotherms of adsorption of CCl,
vapor, comparison curves were also plotted, in which
the adsorption on a sample under study (ordinate) was
represented as a dependence on the adsorption on a
standard sample at the same relative vapor pressure
(abscissa). The latter adsorption was expressed as
reduced adsorption V/V,,, where V,, is the amount
of vapor adsorbed at p/p, = 0.4. As standard served
Fransil EL nonporous SIO, with hydroxylated sur-
face [11].

The thickness of the SiO, monolayer was calcu-
lated on the assumption that silicon dioxide tetra-
hedra form a densely packed hexagona structure
With this kind of packing, the SIO, mass per 1 m?
of the aluminum oxide surface m = 103.75 x 10°° kg,
in accordance with the expression

Mu
m= = )
where M is the relative molecular weight of SlOz,
u, the atomic mass unit equa to 1.66 x 107 kg;
a, the area occupied by a silicon dioxide tetrahedron,
equal to 0.096 x 10718

Then the SiO, volume per 1 m? V = 0.47 x 10° m®
in accordance with the expression

_ Mu 1l
V = 2 4

where p is the silica density, equal to 2200 kg m™.

Since the calculation was done for 1 m? of the alu-
minum oxide surface, the SIO, monolayer thickness
was taken to be 0.47 nm.

IR spectra of samples compacted in pellets with
KBr were measured on MIDEC M 2000 IR Fourier
spectrometer (USA) in the spectral range 4000—
400 cm™ at resolution of 4 cm™ and number of scans
equal to 4. The spectra obtained were processed using
Galactic GRAMS/32 software (USA).

The data presented in Fig. 1 show that sample
nos. 1 and 8, i.e, a-Al,O; and SiO, obtained

0.32

plpo
Fig. 1. Isotherms of adsorption—desorption of CCl, vapor

on a-Al,O5 samples (1) without treatment with decat-
ionized silica gel and (2-7) after such treatment and
(8) silica gel obtained from acidic decationized silica sol.
(V) Amount of CCl, vapor adsorbed in volume of liquid
adsorbate per 1 kg of adsorbent, (p/pg) relative vapor
pressure of the adsorbate, and (py) saturated vapor pressure
of the adsorbate. Digits at curves correspond to sample
numbers in the table.

from decationized sol at pH 5.6, have mesoporous
and microporous structure and are described, accord-
ing to the IUPAC classification [10], by isotherms
of, respectively, type IV and I. The shape and re-
versibility of isotherm 8 (SO,) indicate that the cal-
culated specific surface area and average sizes of
pores and globules are effective, apparent, and the ef-
fective pore radius of the sample is less than 1 nm
[10]. To summarize, to dense a-Al,O; globules
(r= 30 nm) corresponds a specific surface area of
27 x 10° m? kg%, and to SO, (r =1 nm) an ap-
parent specific surface area of 1120 x 10° m? kg™ (see
table).

The starting decationized SiO, sol is composed of
minute globules (r ~ 1.5-2.0 nm) which corresponds,
at SO, density of 2200 kg m~3, to a mass of a sepa-
rate particle of about (3.9 92) x 107%* kg, or, if it
were a separate molecule, to relative molecular mass
of 2300-5500 [8]. The increase in capillary contrac-
tion forces in the course of dehydration of the silica
gel obtained leads to an isotherm of type I, character-
istic of microporous gels (Fig. 1).

The isotherms of CCl, vapor sorption by sample
nos. 2—7 obtained at various Si : Al ratios are revers-
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Sorption and structural parameters of samples obtained

Sample | Si:Al Type of | Spx 103, | V,x 103 Moo o, r t
no. mol : mol isotherm m? kgt m?3 kgt nm kg m=3 om
1 0:1.0 WY, 27 0.11 8.1 3700 30.0 -
2 0.1:0.9 WY 25 0.13 10.4 3609 30.8 0.8
3 0.3:07 WY, 24 0.16 133 3398 327 2.7
4 05:05 IV 24 0.18 15.0 3145 35.3 5.3
5 0.7:03 IV 27 0.24 17.7 2832 42.4 12.4
6 0.8:0.2 W 27 0.25 185 2647 45.3 15.3
7 09:0.1 IV 42 0.30 14.3 2439 29.3 -
8 1.0:0 | 1120™ 0.28 05" 2200 1.2" -

"t is the thickness of the silica coating.
" Apparent values.

ible at low relative vapor pressures, and show hys-
teresis loops at higher p/p, which corresponds to
type IV of isotherms of physical sorption [10]. The
shape of the irreversible part of isotherms in Fig. 1
varies between the samples, which points to the pres-
ence of mesopores with different shapes and sizes,
formed by various ensembles of particles. The hyster-
esis loop in isotherms 2-7 narrows and shifts some-
what to the right with increasing isotherm number.
The very narrow hysteresis loops of isotherms 2-7 are
a combination of hysteresis H1 at the beginning of
the loop and H3 at its end at high p/p,. The first kind
of hysteresis is characteristic of open cylindrical pores
formed by agglomerates of contacting globules and
connected with neighboring pores by severa throats,
and the second kind is tipical of particle aggregates
with other types of packing.

The initial portions of comparison curves 2-6
for samples obtained at Si: Al molar ratios in the

0.16

0.08

V%103, m3 kg!

ViV

Fig. 2. Comparison curves for the samples obtained.
(V) Volume of CCl, vapor adsorbed on a sample under
study, (V/Vg 4) reduced adsorption of CCl, vapor on a stan-
dard Fransil EL sample at the same p/p values as those
for the sample under study, and (Vg ,4) amount of CCl,
vapor adsorbed at equilibrium p/py equal to 0.4.

range from 0.1: 0.9 to 0.8: 0.2 are, in contrast to iso-
therm 7, straight lines passing through the origin of
the coordinates, which points to the absence of micro-
pores (Fig. 2). The rise observed in curves 5-7 begins
at VIV, , values corresponding to p/p, of 0.59, 0.52,
and 0.40 and precedes the beginning of hysteresis
loops in the isotherms shown in Fig. 1 (p/p, = 0.70).
Such upward deviations of the comparison curves of
the samples in the region preceding the beginning of
the hysteresis loop point to the occurrence of capillary
condensation not accompanied by hysteresis [12]. For
sample nos. 2-4, the points of rise in adsorption in
the comparison curves coincide with the onset of
hysteresis in the sorption isotherms.

It can be seen from the table that, with the Si : Al
molar ratio changing from 0.1:09 to 0.8:0.2,
the average particle radius in sample nos. 2-6 in-
creases from 30.8 to 45.3 nm, the thickness of the
silica coating, from 0.8 to 15.3 nm, and the number
of silica layers on the surface at monolayer thick-
ness of 0.47 nm, from 1.7 to 32.6. The limiting sorp-
tion volumes of pores in sample nos. 1-8 increase
from 0.11 x 10> m*kg™ for the starting a-Al,O,
t0 0.30 x 10~ m® kg™ for a sample obtained at Si : Al
molar ratio of 0.9 : 0.1. The steep rise in the thickness
of the silica coating occurs a Si : Al molar ratios ex-
ceeding 0.5:0.5. The adsorption of a CCl, mono-
layer is virtually the same for all porous sample
nos. 1-6 (Fig. 1), and, consequently, the set of meso-
pores formed as a result of SIO, deposition on the
surface of aluminum oxide at Si : Al molar ratios in
the range from 0.1: 0.9 to 0.8: 0.2 affects the ad-
sorption in the monolayer region only slightly. The
average pore radius increases from 8.1 nm in sample
no. 1 to 185 nm in sample no. 6 and 14.3 nm in
sample no. 7.
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Figure 3 shows an IR spectrum of a-Al,O4 treated
with decationized silica sol at a ratio of 0.5:0.5.
The sample is characterized by a narrow band of
stretching vibrations (SiO) at 1093 cm™t and retains
most of its hydroxy groups. The configuration of the
formula unit of slica in modified o-Al,O; is not
distorted. Presumably, deposition of hydrated SO, on
the aluminum oxide surface, which acts in acid medi-
um as anion adsorbent, begins with the interaction of
SiOH groups with surface AIOH groups and continues
as growth of silica layers. It is difficult to determine
what polymeric variety of SiO,: discrete particles of
silica sol, particles formed directly on the surface of
a-Al,Og, or silica gel floccules, are responsible for
this growth.

As a rule, narrowing of the hysteresis loops and
their rightwards shift are observed with increasing
size of contacting globules and decreasing coordina
tion number of their packing [13]. In the presence
of firmly bound agglomerates of aluminum oxide
globules, the former assumes filling of contacts with
SiO, being deposited, with loss of a part of the sur-
face area, and the latter is meaningless. The loop
width also decreases when the capillary condensation
with hysteresis is overlapped by a condensation not
accompanied by hysteresis, as in the case of cylin-
drical mesopores closed at one end [12]. Such a cap-
illary condensation without hysteresis is revealed by
comparison curves of sample nos. 5-7 (Fig. 2). To
summarize, cylindrical mesopores constituted by
spaces between a-Al,O; globules, in which noticeable
capillary condensation may occur, change their shape
upon treatment with decationized silica sol, with one
of their ends closing.

The formation of a silica coating, which is very
fast process, strongly differs from gelation, aging,
and drying the corresponding SiO, bulk gel, which
leads to fundamental difference between their physical
properties [5]. Even at high SiO, content in sample
no. 7, its porous structure strongly differs from that
of sample no. 8: volume filling of pores is replaced
by polymolecular filling, and the isotherm changes
from type | to type IV. The comparison curve for this
sample in Fig. 2 makes an intercept on the ordinate
axis and has steeper slope than the curves for other
samples, which points to an increase in the surface
area, accompanied by a decrease in the average pore
radius in the sample from 18.5 to 14.3 nm. This cir-
cumstance and the fact that CCl, vapor adsorption
on sample no. 7 occurs as adsorption on a mesoporous
material whose globule radius of 29.3 nm is close to
a similar value for a-Al,Og, but the limiting sorp-
tion volume exceeds nearly 2.7-fold the same param-
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Fig. 3. IR spectra of «-Al,03 samples (1) without treat-
ment with decationized silica sol and (2) after such treat-
ment. (T) Transmission, and (v) wave number. Si : Al mo-
lar ratio: (1) 0:1 and (2) 0.5:0.5.

eter for a-Al,O;, are both due to the appearance of
a phase of aggregated SiO, particles, which introduces
a certain volume of shallow mesopores into the struc-
ture.

CONCLUSIONS

(1) Deposition of amorphous hydrated SiO, on
a-Al,O5 particles submerged in decationized silica
sol allows control over the size and shape of pores
in the auminum oxide and their limiting sorption
volume. Raising the Si : Al molar ratio leads to an in-
crease in the limiting sorption volume and average
radii of pores and a-Al,O; globules. The type IV of
the isotherm of adsorption-desorption of tetrachloro-
methane vapor, the shape of the hysteresis loop, and
the occurrence of adsorption in the monolayer region,
which are @l characteristic of a-Al,O3, do not change
significantly.

(2) The hysteresis loop in the isotherm becomes
narrower and is shifted to higher p/p, values.
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Abstract—The chemical interaction between dimethylchlorosilane and silica of varied degree of hydroxyla-
tion was subjected to a systematic study. The optimal conditions for complete substitution of isolated silanol
groups with dimethyl hydride silyl groups were found. It is suggested that the reaction of dimethylchloro-
silane with the surface of silicon dioxide can be used to determine the concentration of free silanol groups

in the surface layer of silica

It is known that main active centers on the surface
of slica are isolated =Si—~OH groups [1, 2]. Most of
chemical reactions occurring on the silica surface
involve the silanol groups of silicon dioxide [3-5].
The silanol groups on the silica surface play an im-
portant part in adsorption and ion exchange [1, 2, 5].
Residua silanol groups on the surface of chemically
modified silicas strongly affect the adsorption, chro-
matographic, and catalytic properties of silica-contain-
ing materials.

There exist various methods for determining the
concentration of silanol groups on the silica surface
[4]. These methods are mostly based on a chemical
reaction between the silanol groups and an appropriate
reagent, with subsequent quantitative anaysis of
the reaction products formed.

In this study, it is suggested that the concentration
of isolated silanol groups on the silica surface should
be determined by means of chemical reaction between
dispersed silicon dioxide and dimethylchlorosilane
(DMCS).

Silica was studied in the form of aerosil subjected
to vacuum treatment at 200, 400, or 600°C. These pre-
treatment temperatures are frequently used in studying
the adsorption and chemisorption properties of silicon
dioxide [3].

As established previoudly [6], the chemical reaction
of silica with DMCS proceeds quantitatively with
only free silanol groups involved:

=Si-OH + (CH5),Si(C)H — =Si-O-Si(CHg),H + HCIT.
@

To determine the optimal conditions for complete
substitution of isolated silanol groups with dimethyl
hydride silyl groups, the interaction between DMCS
vapor and surface of silica vacuum-treated at 200,
400, or 600°C was studied in relation to temperature
(Fig. 1) and time (Fig. 2) of reaction. The conditions

100 200 300 400 T, °C
Fig. 1. Degree of substitution of free OH groups, o, Vvs.
temperature T of reaction between DMCS and surface of
aerosil vacuum-treated for 2 h. Reaction duration 1 h. Vac-
uum-treatment temperature (°C): (1) 200, (2) 400, and
(3) 600.

100 F 1 2 3
X .
o 60
20
20 60 100 t, min

Fig. 2. Degree of substitution of free OH groups, o, Vvs.
duration t of reaction between DMCS and surface of aero-
sil. Vacuum pretreatment of silica for 2 h at (1) 600,
(2) 400, and (3) 200°C. Reaction temperature (°C): (1) 400,
(2) 350, and (3) 200.
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Conditions for quantitative substitution of free OH groups
on the aerosil surface as a result of DMCS chemisorption
and concentration c of these groups in the surface layer of
silica with varied degree of hydroxylation

Temperature, °C | o ¢, mmol gt
@]
of vacuum | of reac- | § = | I
treatment | tion ©S
200 200 90 |1.11+0.05"|1.12+0.05"
400 350 60 |1.08+0.05 |0.98+0.05
600 400 30 |0.74+0.04 [0.72+0.04

I, by akaline hydrolysis of dimethyl hydride silyl groups;
I, by grafting of trimethyl silyl groups (for the conditions
of quantitative substitution of free OH groups with trimethyl
silyl groups in chemisorption of hexamethyldisilazane, see
text.).

The absolute error was found using Student’s method [7].
The calculation was done at confidence probability of 0.95
and number of degrees of freedom equal to 10 in determining
the amount of OH groups with DMCS and 5 when hexa-
methyldisilazane was used.

* %

for complete substitution of isolated silanol groups
with dimethyl hydride silyl groups are summarized in
the table. As seen from the data presented (see table
and Figs. 1 and 2), in the case of silica vacuum-pre-
treated at 200°C, complete substitution of silanol
groups with dimethyl hydride silyl groups occurs at
200°C dready in 1.5 h. In the case of silica vacuum-
treated at 400°C, the reaction of electrophilic sub-
dtitution of the proton from the silanol group occurs

T

2100 1200

1

3900 3000

v, cm

Fig. 3. IR spectra of aerosil modified with DMCS. Vac-
uum-pretreatment of silica for 2 h at (1) 200, (2) 400,
and (3) 600°C. (T) Transmission and (v) wave number.
Reaction temperature (°C): (1) 200, (2) 350, and (3) 400°C.
Reaction duration (h): (1) 1.5, (2) 1.0, and (3) 0.5.

at 350°C in 1 h; the optimal reaction temperature
and duration for silica vacuum-treated at 600°C are
400°C and 0.5 h. IR spectra of silicas (Fig. 3) mod-
ified with DMCS under the conditions of complete
substitution of silanol groups contain no absorption
band at 3750 cmt, which is associated with stretch-
ing vibrations of the O-H bonds in free OH groups,
whereas the absorption bands associated with asym-
metric (2970 cm ™) and symmetric (2910 cm™?) stretch-
ing and deformation (1420 cm™) vibrations of the
C-H bond, and also the absorption band (2160 cm™)
of stretching vibrations of Si-H bonds in grafted di-
methyl hydride silyl groups [8] are present.

It should be noted that the efficiency of DMCS
chemisorption on the silica surface depends not only
on the temperature and duration of a chemical reac-
tion, but aso on the temperature of preliminary vac-
uum treatment of SIO,: the higher the temperature of
vacuum treatment of slica, the lower the degree of
substitution of isolated silanol groups with dimethyl
hydride silyl groups at the same reaction temperature
(Fig. 1). Thisis due, as established previously [6, 9],
to a decrease in the electron density on oxygen atoms
of the silanol groups attacked in the course of dehy-
droxylation of the silica surface.

Thus, the investigation of the chemical interaction
of dispersed silicas with various degrees of surface
hydroxylation with DMCS makes it possible to select
the optimal conditions for quantitative occurrence of
this chemical reaction for any particular case. As
follows from scheme (1), in the case of a quantitative
course of the reaction, the concentration of dimethyl
hydride silyl groups formed on silica surface is equal
to that of isolated silanol groups and can be found
from the volume of hydrogen evolved in akaline hy-
drolysis of dimethyl hydride silanol groups [10]:

=Si-O-Si(CHg),H + H,0 — =Si-O-Si(CHg),0OH + H,T.
@

This method for determining the concentration of
free OH groups on the surface of silicon dioxide does
not require any sophisticated equipment or expensive
reagents. The table lists the data obtained in determin-
ing the concentration of isolated silanol groups by
means of alkaline hydrolysis of dimethyl hydride silyl
groups (from the volume of hydrogen evolved). Also
presented are data obtained gravimetrically (in quan-
titative chemisorption of hexamethy! disilazane on sil-
ica) in a vacuum setup with quartz spring balance [3].
Both the techniques yield virtualy the same results.

It should be noted that the indubitable advantage
of the method for determining the content of isolated
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silanol groups by means of alkaline hydrolysis of pre-
liminarily chemisorbed dimethyl hydride silyl groups
consists in that adsorbed water does not hinder de-
termination of the concentration of silanol groups in
silica: tetramethyldisiloxane H(CH;),Si—-O-Si(CH5),H,
which is formed when DMCS is brought in contact
with water, is a volatile compound and is easily re-
moved from the silica surface in vacuum-treatment of
products formed in electrophilic substitution of the
proton in silanol groups and an excess amount of
DMCS [11].

Thus, the method proposed can be used to deter-
mine the concentration of isolated silanol groups on
the surface of silicas hydroxylated to varied extent and
to find the content of residual (or secondary) silanol
groups in chemically modified silicas.

EXPERIMENTAL

The concentration of free silanol groups was de-
termined for highly dispersed amorphous S|I|ca, A 300
aerosil with specific surface area of 300 m? g2, pre-
trested in a vacuum at 200, 400, and 600°C.

The modification of silicon dioxide with DMCS
was performed as follows. Silica was placed in a
guartz reactor, the reactor was evacuated, and silica
was kept, first, in avacuum at 200°C for 2 h and then
in saturated DMCS vapor at 200°C for 1.5 h. The ex-
cess amount of the reagent and the hydrogen chloride
evolved were pumped out of the reactor at 200°C for
1 h. In the case of a pretreatment of silica at 400 and
600°C, the reaction with DMCS was carried out at
350°C for 1 h and at 400°C for 0.5 h, respectively,
with subsequent vacuum treatment at the reaction
temperature for 1 h.

The extent of the reaction between the silanol
groups of the silica surface and DMCS was monitored
by IR spectroscopy on an IKS-29 spectrophotom-
eter (LOMO Russia) in the frequency range 4200-
1200 cm?

To determine the concentration of isolated OH
groups on the silica surface (from DMCS chemisorp-
tion), a 0.2-0.4-g portion of silica quantitatively mod-
ified with dimethyl hydride silyl groups was taken.
The volume of hydrogen evolved in the course of a-
kaline hydrolysis of chemically attached dimethyl hy-
dride silyl groups was measured on a setup similar to
the Tserevitinov device [10]. As locking fluid served
water saturated with hydrogen. For this purpose,
gaseous hydrogen was passed through water under vig-
orous stirring for several minutes.

The amount of free OH groups on the silica surface,
Con (Mmmol g~ 1y, was calculated using the formula

C = VO
OH = mx 224’

where m is the weighed portion of silica (g), and
V, is the volume of evolved hydrogen, recalculated to
the standard conditions (ml).

The hydrogen volume was reduced to the standard
conditions by the equation

Vr x 273.2(B —p)
760(273.2+ T)

where V; is the hydrogen volume (ml) measured at
temperature T and barometric pressure B; B, the ba
rometric pressure (mm Hg); p, the water vapor pres-
sure (mm Hg) at temperature T; T, the temperature at
which the gas volume is measured (°C) [12].

O:

The amount of isolated OH groups on the silica sur-
face was determined gravimetrically (on the basis of
hexamethyldisilazane chemisorption) in an evacuated
installation with McBain-Bakr quartz spring balance
[13]. The spring extension (sensitivity 0.53 mm mg™)
was measured with a V-630 cathetometer. The chem-
ical reaction of hexamethyldisilazane with the surface
of silicon dioxide was carried out at 200°C in the
course of 1 h, with subsequent vacuum-treatment of
the excess amount of the reagent and the reaction
products at 200°C for 1 h [3].

The content of grafted trimethyl silyl groups, cryg
(mmol g™), which is equal to the initia amount of
free OH groups, cyy, on the silica surface, was cal-
culated by the formula

Al

Crms = M
where Al is the difference between the cathetometer
readings before and after chemisorption of hexamethyl
disilazane (mm); ® the calibration coefficient of

the spring (mgmm™); M, the molar mass of the
grafted fragment (g); m, the true mass of silica (g).

The true mass of silicon dioxide (mass after dehy-
droxylation) was found using the formula

Alp
1000’

where my, is a weighed portion of air-dried silica (g)
and Al is the difference between the cathetometer read-

ings (mm) before and after vacuum treatment of silica
at 200, 400, or 600°C.

m= my —

CONCLUSIONS

(1) The optimal conditions for complete substitu-
tion of free silanol groups with dimethyl hydride silyl
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groups were established on the basis of a study of the
interaction between dimethylchlorosilane vapor and
the surface of silica vacuum-treated at 200, 400, or
600°C in relation to reaction temperature and duration.

(2) A method was suggested for determining the
concentration of isolated silanol groups on the surface
of silicawith varied degree of hydroxylation by means
of alkaline hydrolysis of grafted dimethyl hydride silyl
groups.
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Abstract—Polarography and potentiometry was applied to study the influence exerted by the degree of cross-
linking of an ion-exchange resin based on allyl bromide, diglycidil ether of resorcinol, and polyethylene-
polyamine on its complexing ability. The shift of the potential of half-wave of reduction of the complex ion
and data of potentiometric titration with and without complexing metal were used to calculate the coordina
tion numbers and stability constants of complexes with cations of various metals.

A study of specific features of the complexation
between ion-exchange resins and metals and deter-
mination of the stability constants and composition
of complex compounds are of theoretical and practical
interest. The complexing ability of polymers iswidely
used in hydrometallurgy for recovery and concentra-
tion of ions of transition, rare, and noble metals [1].

Complex compounds are commonly studied by
spectrophotometry, polarography, high-frequency ti-
tration, and potentiometry. However, polarographic
studies of complex compounds are scarce [2-4].

The aim of the present study was to analyze the
influence exerted by the structure of an ion-exchange
resin based on allyl bromide (AB), diglycidil ether
of resorcinol (DGER), and polyethylenepolyamine
(PEPA) on its complexing ability, by polarography in
the stage of prepolymerization and by potentiometry
after additional curing.

EXPERIMENTAL

The ion-exchange resin under study was synthe-
sized by a procedure described in [5]. Part of the po-
lymer was precipitated in diethyl ether and dried, and
solutions of various concentrations were prepared. The
rest of the reaction mass was subjected to additional
curing a 80°C.

Polarograms of reduction of metal cations in their
complexes with the polymer were measured with solu-
tion 0.01 N H,SO, in 25% dimethylformamide (DMF)
as supporting electrolyte. The choice of 0.01 N H,SO,

and DMF as supporting electrolyte for polarography is
due to the fact that it is in this medium that complex
compounds of an anion-exchange resin based on AB,
DGER, and PEPA with transition metals, including

u®", possess sufficient solubility in the necessary
range of anion-exchange resin concentrations. In po-
larographic measurements, the content of the |on-
exchange resin was varied from 0.1 to 20 gl
The concentration of metal sats, CoSO,, NiSO,, and
CuS0O,, was 2 x 10~ M. As reference served saturated
caomel electrode. Characterlstlc of the mercury drop
electrode: m?3tY® = 4.28 mg?® sV, The electrolytic
cell was thermostated at 25 + 0.1°C. Oxygen was re-
moved from the solutions by bubbling argon through
them for 10 min.

The apparent dissociation constant pK,, the Bjer-
rum complex-formation function n, and the stability
constant log K, were calculated from the data of [1].

The main factor governing the formation of co-
ordination compounds is that metal ions tend to com-
pensate for the electron deficiency at the expense of
the electron pairs of the donor contained in the func-
tional groups of the polymer.

Anion-exchange resins absorb metal cations from
solutions of their salts by the scheme
NRN...HOH + M?* — [(RgN),M]?* + nH,0.

The sorption equilibrium is affected by the follow-
ing factors: nature of the anion-exchange resin and
complexing metal, and also the state of the metal in
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Table 1. Potentials of half-wave of reduction of complexes
formed by ion-exchange resin based on AB, DGER, and
PEPA with various metals (concentration of ion-exchange
resn 1 gl=%, that of a sdt 2x 103 M)

B AEy)p
Cation pH vaue
Co?* 011 0.05 3.0-65
Ni2* -0.12 0.09 3.0
cu?t -0.15 0.13 3.0
cu?t” -0.20 0.18 5.0

" Concentration of ion-exchange resin 10 gL,

solution; concentration of coordination-active amino
groups and the complexing metal; solution composi-
tion (pH value, ionic strength of the solution).

It is known [6] that reduction of a complex ion on
a mercury drop electrode occurs at rather strong elec-
trode polarization, and complexation is associated
with a shift of the potential of half-wave of reduction
to more negetive values. The E,;, potential of the com-
plex must be more negative than the half-wave po-
tential of the free ion, since the cation must become
free of ligands in the course of reduction, and this in-
volves energy expenditure. With a knowledge of how
E,» depends on the concentration of the complexing
agent (and this dependence is, as a rule, linear), one
can calculate the equilibrium stability constant of the
complex, log K, and its composition, The higher the
log K value, the stronger the complex and the more
negative the half-wave potential of its discharge in
solution.

It was established in studying the complexing
ability of the ion-exchange resin based on AB, DGER,
and PEPA in solution in the presence of various metal

Eip, V
—0.20F b
2
B 3
—0.10F
1 1 L 1 1 1
-1.0 0 1.0

loge, g [

Fig. 1. Potential of half-wave of reduction E,;, of complex
ions with various metals on the concentration c¢ of the ion-
exchange resin. (1) Cu?*, (2) Ni%*, and (3) Co?*.

ions that the potential of half-wave of reduction of the
forming complex and its shift AE,,, relative to E;, of
reduction of a free metal cation depend on the nature
of the metal (Table 1).

Analysis of the data in Table 1 shows that the an-
ion-exchange resin forms the strongest complex with
copper cations, since the maximum shift AE,;, is ob-
served in this case.

To obtain quantitative characteristics of the com-
position and stability of complex compounds formed
by various metal ions with the ion-exchange resin
based on AB, DGER, and PEPA, the change in E,,
of reduction of the complexes on raising the content
of the ion- exchange resin was studied in the range
0.1-20 g™

It can be seen from Fig. 1 that the dependence of
Eyp On the Ioganthm of the polymer concentration
is linear for the Co?* and Ni?* cations, which points
to the existence of a single strong complex in solution
[6]. If the stahility constants of successive complexes
differ strongly, this dependence has the form of a
number of linear portions with sharp bends, with
the number of the portions corresponding to the num-
ber of complexes present in solution. It is the de
pendence of this kind that is observed for the Cu®*
cation. It follows from this dependence that the ion-
exchange resin mentioned above gives with copper
ions two complexes with different strengths one of
which, as also complexes with Co?* and Ni%*, is
formed at pH 3.0 and the other exists in the pH range
5.0-5.5.

The slope tan o of the dependence of E,;, on the
logarithm of the sorbent concentration was used to de-
termine the coordination number p by the equation [7]

P = oz A
where n is the number of €ectrons involved in the
reaction, i.e., the valence of the metal cation.

The slope can be calculated from two E,;, values
and the corresponding logarithms of the concentration
of the ion-exchange resin:

(Ex2)2 — (B2

tano = X
logc, — log ¢y

The coordination numbers cal culated for complexes
of the ion-exchange resin with various metal cations
are listed in Table 2. It can be seen that Co®*", Ni%,
and Cu?* coordinate, respectively, one, two, and three
or four (depending on the sorbent concentration) amino
groups of the anion-exchange resin.
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The stability constants of the complexes formed by
the ion-exchange resin based on AB, DGER, and
PEPA with various metal ions (Table 2) were cal-
culated by the equation [7]:

0.059
n(AEl/Z +p n

0.059

log ¢)

logK =

The highest log K value (Table 2) and the max-
imum shift AE;, (Table 1) are observed for com-
plexes of the ion-exchange resin with copper. Metal
cations can be arranged in order of decreasing com-
plexing ability as follows: Cu?* > Ni?* > Co?".

The different strengths of the complexes formed by
the sorbent with the given cations result in their dif-
ferent sorption capacities for metal ions (Table 2),
which decrease in the same order as the strength of
the respective complexes.

The composition and strength of the complexes
formed with the insoluble sorbent after additional
curing of the prepolymer were determined by po-
tentiometric titration of the anion-exchange resins,
with ions of the complexing metal absent or present
and the pH value and concentration of uncomplexed
metal ions monitored simultaneously.

The functional groups of the ion-exchange resins
were neutralized to a greater extent using sodium ni-
trate, which is indifferent toward these groups, creates
the ionic strength of a solution, and forms no com-
plexes with anion exchange resins. With increasing
ionic strength of a solution, the electron-donor prop-
erties of the ionogenic groups of the anion exchange
resin become more pronounced, and the density of
hydration sheaths of unprotonated amino groups de-
creases, which favors the higher complexing ability
of the anion exchange resin. That is why the sorption
properties of ion-exchange resins were studied at an
ionic strength of the contacting solution equa to
unity.

In potentiometric titration of polyfunctional poly-
electrolytes in the presence of transition metal ions,
the run of the curves changes because of the complexa
tion (Fig. 2). It can be seen from the dependences ob-
tained that protonation of a part of amino groups or
their complexation with metal makes pH lower in al
cases, with this decrease the stronger, the greater
the amount of metal ions sorbed by the polymer.

The coordination properties of the ion-exchange
resn were studied a metal ion concentration of

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76

Table 2. Coordination numbers and stability constants
of complexes formed by ion-exchange resin based on
AB, DGER, and PEPA with ions of various metals, found
by polarography (concentration of the ion-exchange resin
1glt, that of a sat 2x 103 M)

Salt p log K |Sorption capacity, mg g
CoS0O, 1 17 114.7
NiSO, 2 3.0 1334
Cuso, 3 4.4 314.2
CusO; 4 | 101 -

" Concentration of ion-exchange resin 10 gL,

0.025 M, since a ion concentrations lower than
0.05 M the Bjerrum complex-formation function and
the coordinated number of ligand groups have closer
values [8].

For a cellular ion-exchange resin with less rigid 3D
lattice, polarography gives the coordination numbers
of 3 and 4 for copper ions, 2 for nickel ions, and 1
for cobalt ions; in the case of a densely cross-linked
ion-exchange resin n = 1 for al the above ions, which
points to the formation of a complex of 1:1 com-
position. The stability constants of the complexes,
calculated from potentiometric titration data, are as
follows: 6.2 for complexes with copper ions, 5.5 for
nickel, and 5.3 for cobalt.

These data demonstrate the advantage of cellular
sorbents with higher degree of cross-linking over
soluble sorbents. This can be presumably accounted
for by the following: in the former case, each amino
group bounds one ion, and in the latter, 0.25-0.30
metal ions [9].

pH
8

VHC]’ ml

Fig. 2. Potentiometric titration curves for anion-exchange
resin (1) without metal ions and in the presence of
(2) Cu?t, (3) Ni2*, and (4) Co?*. HCI concentration 0.1 M.
(VHey) Volume of acid.
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Table 3. Comparative characteristics of the complexing ability of various PEPA-based ion-exchange resins with respect
to cobalt, nickel, and copper ions (concentration of ion-exchange resin 1 g%, that of a sat 2x 1073 M)

log K
Salt
AB-DGER DGER PECH ECH-styrene ECH-styrene’
CoSO, 1.7/5.3" 3.20 3.62 4.78 3.15
NiSO, 3.0/55 3.90 4.70 452 2.82
Cuso, 4.4/6.2 4.10 453 4.46 2,97
CusOj** 10/10 - - - -

¥ Chloromethylated copolymer.
¥ Polarographic/potentiometric determination method.
" Concentration of ion-exchange resin 10 g1,

Comparison of the stability constants obtained
(Table 3) with characteristics of the complexing
ability of polyelectrolytes based on PEPA and various
copolymers of epichlorohydrin (ECH), polyepichlo-
rohydrin (PECH), and DGER [1] suggests that the
strongest complex with copper ions is formed by
the polymer based on AB, DGER, and PEPA (poly-
mer concentration in solution 10 gI~Y). Practical use
of the given ion-exchange resin will allow selective
recovery of copper ions.

CONCLUSION

It is demonstrated that the structure of the anion
exchange resin strongly affects the complexing ability
of ion-exchange resins synthesized from allyl bromide,
diglycidil ether of resorcinol, and polyethylenepoly-
amine. The most stable are complexes with copper
ions.
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Abstract—Extraction of nitrates of lanthanides(l1) [La(lll)-Lu(lll) and aso yttrium(ll1)] from their
agueous multicomponent systems with a toluene solution of trialkylbenzylammonium naphthenate was
studied at 298 K and pH 3. Physicochemica and mathematical models describing the distribution and
mutual influence of lanthanides(l11) [Ln(lI1)] in their joint extraction from multicomponent aqueous solu-
tions as influenced by the total Ln(l11) concentration in the aqueous phase and composition of their mixture

was developed.

Organic binary solutions of salt of quaternary am-
monium bases (QAB) with organic anions are widely
used for extractive recovery and separation of non-
ferrous and platinum metals [1]. We found no pub-
lished information on extraction of lanthanides(ll)
[Ln(111)] with binary trialkylbenzylammonium naph-
thenate (TABANP) solutions in organic diluents.

In this study, we developed physicochemical and
mathematical models describing the distribution and
mutual influence of lanthanides(ll) in their joint
extraction from multicomponent solutions as a func-
tion of the total concentration and composition of
Ln(l11) mixture in the aqueous phase, taking into ac-
count that extractable complexes (R,N),[LN(NO3);A,]
(A, naphthenate anions) are formed in the organic
phase.

The extraction of lanthanide(lll) nitrates from
aqueous solution with TABANP organic solution is
described by the following equations:

2R;NA,) + L + 3NO3 5 & (RyN)[LN(NO3)3A,] o).
@

The extraction systems under consideration contain
N kinds of Ln(l1l) metals. The main parameters char-
acterizing the composition of these systems are as
follows: ¢ (5 is the total (analytical) concentra-
tion of the sum of Ln(l11) in the agueous phase; ¢, g,
the total (analytical) concentration of the sum of

Ln(I11) in the organic phase; c, the total (analytical)
extractant concentration in the organic phasg
{R;NA} ), the equilibrium concentration of free
TABANE in the organic phase; .y, the fraction of
kth Ln(ll1) in the agueous phase; oy, the fraction
of kth Ln(lll) in the organic phase

O‘l((a) = Cllfn(a)/CLn(a)r 2
O‘l((o) = Cllfn(o)/CLn(o)- ©)

Here cf) and cf, are the total (analytical) con-
centrations of kth Ln(I11) in the agueous and organic
phases, respectively.

For the organic phase, the following material
balance equation is valid:

& = {RiNAL(g) + 22 (RIN)JALTHNOIoA . (4

A correlation between the equilibrium concentra-
tions of the reacting species in both agueous and
organic phases and the concentration constant of the
heterogeneous reaction of extraction of Ln(lIl) with
TABANP is described by the equation

2 - {RN2ALINOGA )
T RINAL NS Ln* B}

N
where {NOg} g = 32{Ln**®} 5 = 30,0,

©)
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The main parameters characterizing the extraction
systems under consideration and the correlation be-
tween them can be determined from the following ex-
pressions.

Concentration of kth Ln(I11) in the organic phase

27(CLn (a)) oL@ Ka k{RINALE).  (6)

Total Ln(l11) concentration in the organic phase

CIIfn(o)

N
CLn(o) = 27(2 CLn(a)>4k§106|((a) Kezx,k{R4NA}%0)- )
Fraction of kth Ln(lll) in the organic phase

O‘l((a) Kezx,k
O(,l((o) = ﬁ (8)
Z10(a) Kéx k

Overall
Ln(l11)

distribution coefficient of the sum of

3 N
D& = 27(cn@)’ 2 oy K& k{RNAYYy.  (9)
Distribution coefficient of kth Ln(lll)
D = 27(an(a))3Ke%(,k{R4NA}%O). (10)

Correlation between D%, and DY,

K&,k
D& = D&———. (12)
2ol Kéok
Separation factors of Ln(Ill) pairs

Kex k (12)

Brk+1) =
ex k+1

For the organic phase, the material balance equa-
tion can be transformed to the following form:

N
Gs = {RaNA} ) + 54(cLn ()" 2 oy K&, { RaNA}).
(13
The total material balance in the extraction system
containig (1..., k..., N) Ln(lll) in both agueous and

organic phases can be evaluated by solving the fol-
lowing set of nonlinear equations:

cPigVe = {Ln** W} v,

1 2 2
+ Vo 27(C|—n (a)) %) K ex, 1{ R4NA} (o) (14

- k
clraVe = {Ln** ) v,
k 2 2
+ V027(CLn(a)> O('(a)K@(,k{ R4NA}(O), (15)
cthaVe = (Ln** ™ v,

N K2 2
+ V27 oy K2 (RNAYS . (16)

where an(a) is the concentration of kth Ln(lll) in
the initial agueous solution; V2, V,, and V, are the
volumes of the initial aqueous, equilibrium agueous,
and equilibrium organic phases, respectively.

The material balance with respect to nitrate anions
is described by the equation

0,k 0 — ~
3.(2 1CLn (@ Va { NO3} (a)Va

+ V81 >4Z(x

Ln () G e ARNAYE). 17

The system of Egs. (13)—(17) consists of (N + 2)
nonlinear equations with (N + 2) independent var-
iables. This system of equations can be solved numer-
ically, taking into account the following constraints:

0 < {RyNA} (g < ¢, (18)
0 < {Ln** (% v, < PR VI (19)

The system of nonlinear equations (13)-(17) was
solved for (N + 2) unknown quantities [c, (g,
{RsNA} o), aa k = ..., N) by the Newton-
Raphson method with replacement of the partia de-
rivatives with the corresponding finite differences [2].

The reveded general pattern of the mutua influ-
ence of Ln(lll) cations in their joint extraction from
N-component aqueous solution with trialkylbenzyl-
ammonium naphthenate in toluene can be reduced to
the following.

(2) In al the systems, the Ln(lll) distribution co-
efficients are functions of the foIIowmg parameters:
concentration extraction constants K2, free extractant
concentration in the organic phase {R,NA} ), frac-
tions of kth Ln(lI1) in the agueous phase, and equi-
librium concentration of nitrate anions in the agueous
phase.

With increasing concentration of nitrate anions
in the agueous phase, the Ln(l1l) distribution coef-
ficients grow, and, therefore, the Ln(lll) concentra-
tion in the organic phase grows too. As a result,
the concentration of the free extractant {R,NA}
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decreases, which, in turn, makes smaller the distribu-
tion coefficients D5, and DY. Therefore, with in-
creasing Ln(I11) nitrate concentration in the agueous
phase, D, and DX, pass through a maximum whose
position depends on the nature of a particular Ln(l11)
and on the extractant concentration.

(2) The fraction of kth Ln(I1l) in the organic phase
depends on Kﬁx; equilibrium concentration of free ex-
tractant, {R,NA},; and fraction of kth Ln(lll) in
the agueous phase, o). With increasing a.(j, the ofy)
increases too.

(3) If only one extractable species is formed in the
organic phase, the separation factor of the neighboring
lanthanides(l11) By 1y is determined by the ratio of
the concentration extraction constants of these Ln(I11),
being dependent of the free extractant concentration.

For extraction of the individual Ln(I1l) nitrates,
the dependences of the concentration extraction con-
stants on the ionic strength of the aqueous phase | are
fitted by the empirical equation [3-5]

logkZ = logK%2 + aAz23T + bl,  (20)
whered = -0.1942, AZ? = -12. is the linear combina-
tion of the charge numbers of the species involved

in the extraction equilibrium, and b, is the empirical
parameter specific for particular Ln(l11).

The results reported in [6, 7] show that the extrac-
tion constant of lanthanide(l1l) nitrate A from binary
mixture of lanthanide(l1l) nitrates A + B at | = const
(I =14 + lg) and variable A/B ratio linearly varies
with contribution of lanthanide B to the total ionic
strength

log KZA( =15 +1g) =1og KEA( = 14) = halg  (20)
and similarly for B

log KZB(I =1, +1g) =log KZB(I = 1g) — hgla. (22

In the limiting case

log K3A(1 = 1g) =~ log KZB(1 = 1,).
Then
A= [logKZA( =1g) — logKZB( =1)1/21.  (23)

Taking into account Eqg. (21), Eq. (23) can be trans-
formed to the form

= (|og KLOA — log K&O’B)/m + (by — bg)2. (24)

For solution containing only two different Ln(l11)
(I1* =1, +13), Eq. (21) can be transformed to the form

log KZ" = 1ogkZ2A + aaZ2V1T + bl = + Al
(25

This equation can be reformulated for N-component
solution:

N
log K&* = log k& ™+ anz?VI™ + > + Xl
(26)

where [; is the contribution of jth component to the

total ionic strength |*; My ; are the empirical param-

eters which, to afirst approximation, can be evaluated
by the eguation

g = (|og KSk_ log K%(J')/ZIE + (b - b)2. (27)

Taking into account Eq. (27) describing the con-
centration extraction constants as functions of the ionic
strength of the aqueous phase for multicomponent
mixtures, the system of nonlinear equations (13)—(17)
can be transformed to the following

N
Cs = {RaNA} (o) + 54(cLn (a))* T (5 Kex, K F(1 {RaNA}Gy),
(28)
0,1 /0= 3+ (1
CLn(a)va ={Ln + )}(a)va
+Vo27(cLn (@) o K&, A F( {RINAY).  (29)

0, k 0— 3+ (K
CLn(a)va ={Ln + )}(a)va

+ Vo 27(CLn (@) oy Ket kI {RaNAY),  (30)

O, N /0= 3+ (N
CLn(a)va ={Ln + )}(a)va

+Vo27(ein ) oy KENFIXRINAYG,  (3D)
N
0,k yvO = 2
3kzz“chn(a)Va = {NOz} yVa

N
+Vo81(cin (a)>4k§1°°|((a) Ko kF{RINADG),  (32)

5723 2, 8
F() = 2002 B by

N . .
Iz = 6k§1{Ln3+(k)}(a) = 6CLn(y, Il = 6{Ln3+(1)}(a)-
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Logarithms of thermodynamic constants of reaction (1)
and empirical parameters b, in Eqg. (20) for extraction
Ln(l1l) nitrates with 0.60 M toluene solution of TABANP
a T = 29815 K

Ln(l11) log K2 by
La 2.24 4 0.05 0.228 + 0.005
Ce 2.20 + 0.05 0.233 + 0.004
Pr 1.95 + 0.06 0.250 + 0.005
Nd 1.78 £ 0.04 0.252 + 0.004
Sm 1.70 £ 0.04 0.266 + 0.003
Eu 1.54 £ 0.03 0.271 + 0.004
Gd 1.27 £ 0.03 0.277 + 0.005
Tb 1.22 + 0.04 0.278 + 0.004
Dy 1.05 + 0.03 0.290 + 0.003
Ho 0.81 £ 0.10 0.303 + 0.004
Er 0.59 £ 0.06 0.323 + 0.005
Tm 0.40 + 0.03 0.331 + 0.004
Yb 0.15 £ 0.06 0.345 + 0.005
Lu 0.08 £ 0.06 0.357 + 0.004
Y -0.13+0.05 0.375 + 0.004

Note. The errors are given as rms deviations o.

The logarithms of the thermodynamic constants of
Ln(l11) extraction by reaction (1), log K22, and the
empirical parameters b, are listed in the table.

In our experiments TABANP was taken as 0.6 M
toluene solution. The genera formula of TABANP is
CeHs(C/H15—CoH1g)sN*A™, where A~ is the naph-
thenate anion. We used a mixture of naphthenic acid
isomers recovered from crude oil (natural carboxylic
acids containing carboxy groups bound to five-mem-
bered rings, M,, = 220).

Trialkylbenzylammonum naphthenate was prepared
from trialkylbenzylammonum chloride as follows.
An organic solution of trialkylbenzylammonium chlo-

1.0 2.0
CLn(a)

Fig. 1. Isotherms of joint extraction of Ln(l11) nitrates from
agueous Ln(I11) concentrates of varied composition with
0.60 M TABANP in toluene. (C,(g)) and (Cpng) LN(I)
concentrations in the organic and aqueous phases, respec-
tively. Concentrate: (1) no. 1 and (2) no. 2

ride was converted to the hydroxide by triple contact
with 5-7 M agueous NaOH. Excess alkali was re-
moved by repeated scrubbing of the organic phase
with distilled water until pH of the wash water de-
creased to 8-9. The resulting solution of trialkylben-
zylammonium hydroxide was mixed with a stoichi-
ometric amount of naphthenic acids and this mixture
was dissolved in toluene (chemically pure grade).
The resulting binary extractant was washed with dis-
tilled water to pH 7.

The concentration of naphthenic acids in the or-
ganic phase was determined by two methods: two-
phase potentiometric titration [8] and titration with
aqueous alkali of the organic phase diluted with ethyl
alcohol, with phenolphthalein as indicator. The amount
of the QAB sat was determined by the method re-
ported in [9].

Solutions of Ln(lll) nitrates were prepared by dis-
solving the corresponding Ln(l111) oxides in nitric acid
(analytically pure grade). We used two different com-
mercia concentrates containing Ln(l11) oxide mixture
of the following compositions (wt % recalculated to
oxide): (concentrate no. 1) La 8.8, Ce 17.5, Pr 12.5,
Nd 6.0, Sm 5.5, Eu 7.3, Gd 9.3, Tb 16.8, Dy 10.6,
and Ho 5.7; (concentrate no. 2) La 6.6, Ce 8.2, Pr 7.9,
Nd 6.4, Sm 5.2, Eu 1.8, Gd 7.3, Tb 1.2, Dy 6.3,
Ho 1.3, Er 3.1, Tm 0.5, Yb 2.1, Lu 0.6, and Y 41.5.
Extraction was carried out in graduated tubes at
a 1:1 ratio of the organic and agueous phases.
Changes in the volumes of the organic and agueous
phases did not exceed 2 rel.%. The ZLn(I11) concen-
tration in both the initial and equilibrium aqueous
phases was determined by titration with a standard
aqueous solution of disodium ethylenediaminetetra-
acetate in the presence of xylenol orange as indicator
[10]. The ZLn(l1l) concentration in the organic phase
was determined as the difference between the ZLn(I11)
contents in the initial and equilibrium aqueous phases.
To determine the concentrations of particular Ln(l11)
in their mixture, lanthanides were precipitated as
oxalates, calcined to oxides, and then subjected to
atomic emission analysis on a Labtest device (USA)
with ionization in inductively coupled argon plasma
[10].

The relative errors were within £0.5%, in preparing
solutions; +(0.5-2)%, in determining Ln(lIl) concen-
tration; and +(1-3)%, in determining the distribution
coefficients.

The isotherms of joint extraction of lantha
nide(l11) nitrates from their concentrates with 0.60 M
TABANP in toluene (Fig. 1) show saturation with
respect to Ln(lll) a Cs:Cp =21
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The logarithms of the distribution coefficients of
particular La(lll)-Ln(l11) and Y (I11) are plotted against
the total equilibrium concentration of Ln(lll) in the
agueous concentrate (M) in Fig. 2. In these plots, the
solid lines represent the results of our model calcula-
tions performed using parameters listed in the table,
and the points are our experimental results. Figures 2a
and 2b show that the calculated distribution coef-
ficients agree with the experimental values to within
3-5 rel.%. Thus, our model describes adequately the
extraction of lanthanides(ll) from their multicom-
ponent mixtures with the use of TABANP in toluene.

Figures 2a and 2b show that, with the Ln(Il1) con-
centration in the agueous phase increasing above
250 g/l, the distribution coefficients of particular
Ln(I11) and the difference between the distribution co-
efficients of the neighboring elements decrease. The
best extraction separation of Ln(lIl) concentrates into
groups and into individual elements using TABANP
as extractant was achieved at an equilibrium X Ln(l11)
concentration of 120-200 g/l. Under these condi-
tions, the distribution coefficients and the difference
between the distribution coefficients of neighbor-
ing Ln(ll1) are maximal. The difference between
the distribution coefficient is the largest for the pairs
Ce(ll)/Pr(111),  Pr(I1/Nd(I11), and Eu(ll)/Gd(111)
for concentrate no. 1, and for pairs Ce(ll1)/Pr(l1l),
Pr(1IN)/NA(1T), Eu(l)/Gd(111), Dy(lI1)/Ho(lll), and
Er(111)/Tm(l11) for concentrate no. 2. It should be not-
ed that Y(I1) is the least extractable with TABANP,
compared with La(lll)-Lu(lll).

CONCLUSIONS

(1) The physicochemical and mathematical models
of extraction of La(lll)-Lu(lll) and Y(IlI) nitrates
from their multicomponent agueous solutions with the
use of trialkylbenzylammonium naphthenate in tolu-
ene was developed taking into account the mutual
influence of lanthanides at different concentrations
and compositions of Ln(I1l) mixtures.

(2) Extraction of particular Ln(l1l) nitrates from
their multicomponent aqueous solutions with trialkyl-
benzylammonium naphthenate in toluene was studied
within a wide range of Ln(Il) nitrate concentrations
in the agueous phase at 298.15 K. The extraction iso-
therms were obtained. The extraction isotherms show
saturation with respect to Ln(lll) at c5: ¢ g =2 1.

(3) Extraction of lanthanide(lll) nitrates with tri-
alkylbenzylammonium naphthenates in toluene de-
creases in going from lanthanum(l11) to lutetium(I1I).
The extractability of yttrium(l11) is considerably lower

(@)

1
200 400

(b)

Fig. 2. Logarithm of distribution coefficients of partic-
ular Ln(l11), log DE‘X, between 0.6 M TABANP in toluene
and aqueous concentrate containing sum of Ln(lll) as in-
fluenced by the total concentration of lanthanides(l11) mix-
ture in the agqueous concentrate,  Ln,O3,. Concentrate:
(@ no. 1 and (b) no. 2. Ln(l1): (a) (1) La, (2) Ce, (3) Pr,
(4) Nd, (5) Sm, (6) Eu, (7) Gd , (8) Th, (9) Dy, and
(20) Ho ; (b) (1) La, (2) Ce, (3) Pr, (4) Nd, (5) Sm, (6) Eu,
(7) Gd, (8) Tb, (9) Dy, (10) Ho, (11) Er, (12) Tm, (13) Yb,
(14) Lu, and (15) Y .

than that of La(lll)-Lu(ll). Triakylbenzylammonium
naphthenates can be used for separating cerium-group
lanthanides(I11) from other lanthanides(l11) and yttri-
um(l11) from lanthanides(l11). The best separation of
the sum of lanthanides(l11) into groups and individual
metals by extraction with TABANP is attained at
the equilibrium ZLn(l11) concentration in the aqueous
phase 120-200 g/l.
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Abstract—A new electrically conducting photosensitive polymer was prepared by electrochemical poly-
merization of [CuSalbn-1,4]. Poly-[CuSalbn-1,4] was studied by X-ray photoelectron spectroscopy, voltam-

metry, and the photoelectrochemical methods.

Previously [1], we have prepared and isolated crys-
talline platinum, palladium, nickel, and copper com-
plexes with tridentate bis(salicylidene)-1,4-butylenedi-
amine ligand (Salbn-1,4%). These complexes contain
four methylene groups in the aliphatic diamine moiety,
unlike complexes with Salen and Salpn-1,3 [2-6] li-
gands containing two and three methylene groups,
respectively.

Electrochemical synthesis of electrically conducting
photosensitive poly-[PdSalbn-1,4] and parameters of
reversible electro- and photoredox processes occurring
in the bulk of the polymer were reported in our previous
paper [1]. In this study, we prepared poly-[CuSalbn-
1,4] by an electrochemical procedure and studied its
physicochmeical and electrochemical properties.

Copper(11) bis(salicylidene)-1,4-butylenediamine
complex [CuSabn-1,4] was prepared by the modi-
fied procedure from [7]. To a methanolic solution
of Cu(CH5COO),-H,O (2.2 mM, 30 ml CH;OH)
was added a methanolic solution of [Salbn-1,4]%"in
5 wt % excess. To prevent hydrolysis of copper(ll)
acetate, the solution was acidified with acetic acid.
The resulting dark green solution was heated a 100°C,
evaporated by half, cooled, and kept at 0°C for 12 h.
Dark green crystals were filtered off, washed with
CH3;0H and C,Hs0, and dried in air. Yield 60—65%.

Found (%): C 60.34, H 5.25 N 7.83.
CUC;gH1gN,O,.
Calculated (%): C 60.47, H 5.07, N 7.84.

Gruber et al. [8] studied the paramagnetic proper-
ties of [CuSabn-1,4] and determined its magnetic
moments at room temperature.

The C1s, Ols, N1s, and Cu2p binding energies
and the atomic concentrations of the elements in dif-
ferent chemical states in the initial ligand H,Salbn-1,4
and complex [CuSalbn-1,4] are listed in Table 1.

The electronic absorption spectra of H,Salbn-1,4
in acetonitrile and [CuSalbn-1,4] in various solvents
are shown in Fig. 1. The spectrum of the free ligand
contains strong ©—=n* intraligand charge-transfer band
at A = 315 nm (g = 8400 I mol™ cm™). In the spec-
trum of [CuSalbn-1,4], a shoulder with A, = 300 nm
(e = 7500 Imol~tcm™ is observed in the range of
absorption of the uncoordinated ligand. The spectrum
of an acetonitrile solution of the complex contains an
additional band with A, = 375 nm and high molar
extinction coefficient of 9000 | mol~! cm™. The shape
of this band is similar to that of allowed n—n* elec-
electronic transitions. The peak position of this band

Table 1. Cls, Ol1s, N1s, and Cu2p binding energies and
atomic concentrations of C, O, N, and Cu in [H,Salbn-1,4]
and [CuSalbn-1,4] (XPS data)

H,Salbn-1,4 CuSalbn-1,4
Band
BE, eV c, % BE, eV c, %
Cls 285.0 57.74 285.0 55.70
286.3 26.41 286.4 24.71
N1s 398.9 5.64 3994 6.33
399.7 158
401.7 0.50
402.9 0.68 403.5 0.87
O1ls 531.4 6.90
532.9 7.93 532.4 0.53
Cu2p3/2 934.7 4.45
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Fig. 1. Electronic absorption spectra of (1) H,Salbn-1,4 in
acetonitrile and of [CuSalbn-1,4] in (2) CH3CN, (3) CH,Cl,,
(4) C,H50H, and (5) CHCIj. (g) Extinction and (%) wave-
length.

401

100 300 500
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Fig. 2. Quantity of electricity Q vs. the potential sweep-
ing rate vg in 1x 103 M solution of [CuSalbn-1,4] in
(1) CHZCN and (2) CH,Cl,,.

depends on the solvent polarity, i.e., the solvatochromic
effect is observed When the solvent polarity increases
[z (kca mol™) 63.2 (CHCl,), 64.2 (CH,Cl,), 71.3
(CH4CN), 79.6 (C,HsOH)], a hypsochromic shift of
the band is observed [A, (nm) 383 (CHCI;), 380
(CH,CI,), 375 (CH4CN), and 370 (C,H;OH)], which
is typical of charge-transfer transitions [9].

Polymeric [CuSalbn-1,4] was prepared by the elec-
trochemical procedure previously used to synthesize
poly-[PdSalbn-1,4] [1]. Electropolymerization of
[CuSalbn-1,4] was performed in CH;CN and CH,Cl,
under potentiostatic and potentiodynamic conditions of
accumulation of the eectroactive substance on the elec-
trode positively polarized from 0.0 to +1.3 V. The con-
centration of the complex ranged from 0.5 to 3.0 mM.

(8) Electrochemical polymerization under poten-
tiodynamic conditions was performed in a1 x 103 M
solution of [CuSalbn-1,4] in CH;CN or CH,CI,,
containing 0.1 M tetrabutylammonium perchlorate
(TBAP) as the supporting electrolyte.

We have recorded the cyclovoltammograms at dif-
ferent potential sweeping rates v to find an optimum

80

40

I/, mA

0.8 12 E,V

40 |

120

(b)

Fig. 3. Cyclovoltanmograms of 1x 10~3 M solution of
[CuSalbn-1,4] in (@) CH3CN and (b) CH,Cl,. vg= 05V 71,
the same for Figs. 7 and 8. (I) Current and (E) potential;
the same for Fig. 4. (b) Scale of | axis is doubled. Cycle:
(1) first, (2) fifth, and (3) twenty-fifth.

(Fig. 2) The fact that the current peak is di rectly pro-
portional to the sweeping rate at v, < 0.05 V stin
dicates that the electroreductlon is controlled by ad-
sorption [10]. At v, < 0.05V s, the complex is com-
pletely reduced dun ng the first cycle. Thus, the thick-
ness of a polymeric film h can be calculated by the
procedure described in [11] from the quantity of elec-
tricity determined from the chronovolatmograms. At
potential sweeping rates higher than 0.05 V s, the
polymeric complex is incompletely reduced and ox-
idized during a single cycle. In this case, the redox
processes occur under conditions of semi-infinite dif-
fusion of the electroactive compound toward the elec-
trode surface. Probably, the rate-determining step of
the reduction and oxidation of the polymeric complex
is electron transfer across the polymeric film. By anal-
ogy with liquid-phase processes, the rate of electron
transfer can be characterized by the diffusion coef-
ficient Dy. At these potential sweeping rates, the
charge transfer rate was calculated by the Randles-
Shevchik equation [12].

Cyclovoltammograms of [CuSabn-1,4] are shown
in Fig. 3. In successive sweeping cycles, the complex
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polymerizes. For comparison, we chose the potentio-
dynamic curves recorded during the first, fifth, and
twenty-fifth cycles. As seen from Fig. 3, the anodic
current peak at E = 1.1V is shifted to 1.0 V after con-
tinuous potential sweeping in an acetonitrile solution
for 23 min (25 cycles). A broad peak at 0.85 V is
present in the cathodic region of the voltammogram
recorded at the reverse sweeping. The cyclovoltammo-
grams of [CuSalbn-1,4], recorded in CH,CI,, contains
an anodic peak at 1.1 V and a cathodic pesk at 0.85 V.
Poly-[CuSalbn-1,4] films with the maximal thickness
(0.06 pm) were grown in a CH;CN solution in the
course of 23-25 min with electrochemica polariza-
tion under potentiodynamic conditions. In CH,CI,,
0.04-pum films were prepared in 17-20 min. The film
thickness does not change on longer sweeping. The
maximal peak current of anodic oxidation in CH;CN
and CH,Cl, is 71 and 50 mA, respectively.

The electrode coated with poly-[CuSalbn-1,4] was
placed in a solution of a pure supporting electrolyte.
Cyclovoltammograms of poly-[CuSabn-1,4] were re-
corded with potential sweeping from 0.0 to +1.3 V
(Fig. 4). As seen from Fig. 4, the charge transfer in
the polymer is reversible, i.e., the redox transforma-
tions of the polymer on the electrode surface are also
reversible.

The stability of poly-[CuSalbn-1,4] depends on
the solvent in which it has been prepared. The poly-
mer prepared in CH3CN is less stable on storage in
a pure supporting electrolyte exposed to open air than
the polymer prepared in CH,Cl,. The polymer syn-
thesized in CH,CI, degrades irreversibly in the course
of prolonged potentia sweeping.

To abtain thicker polymeric films, we studied
the dependence of the thickness of the film grown
for 1, = 500 s on the [CuSalbn-1,4] concentration
(Fig. 5). As seen from Fig. 5, the thickness of the
poly- [CuSaIbn 1,4] film increases W|th the complex
concentration increasing up to 2 x 10 M. At hlgher
concentrations, the film thickness decreases owing
to partial degradation of the polymer. In CH,Cl,, the
thickness of the polymeric films linearly increases
with the complex concentration. The maximal thick-
ness of the poly [CuSalbn-1,4] film grown in CH;CN
(0.08 um) is reached W|th|n 500 s at complex con-
centration of 2.0x 10 M. In CH,Cl,, films with
the maximal thickness (0.067 pm) were grown by
potential sweeping for 1500 s a complex concentra
tion of (2.5-3.0) x 10° M.

(b) Complex [CuSalbn-1,4] was electrochemically
polymerized on a platinum electrode under the po-
tentiostat conditions in CH,CN and CH,Cl, solutions

80 1
40 -
<
£
3 =
40+
1 1 1
04 08 12 E,V

Fig. 4. Cyclovoltammograms of poly-[CuSabn-1,4] in
0.1 M TBAP solution in (1) CH3CN and (2) CH,Cl,.
vg = 05 Vsl the same for Fig. 5

0.08

0.06

A, um

0.04

0.02

Ceom ™ 10_3, M

Fig. 5. Thickness h of poly-[CuSabn-1,4] film prepared
under potentiodynamic conditions in (1) CH3CN and
(2) CHxCl, vs. the [CuSalbn-1,4] concentration C.qm,.
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Fig. 6. Thickness h of poly-[CuSalbn-1,4] film prepared in
(1) CH5CN and (2 CHZCIZ vs. the accumulation poten
tial Egeee Coom = 103 ™, Tace = 10 min, vg = 05Vst

at the optima potentials. The potentiostatic curves
were recorded in solutions of pure supporting elec-
trolyte.

For example, the accumulation potential in CH;CN
and CH,Cl, is 1.1 and 1.25 V, respectively (Fig. 6).
The accumulation time is 10 min. It should be noted
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Table 2. Electron binding energies and atomic concen-
trations of elements in the reduced and oxidized forms
of poly-[CuSalbn-1,4] (XPS data)

Forms of poly-[CuSabn-1,4]

Band oxidized reduced
BE, eV c, % BE, eV c, %
Cis 285.0 48.28 285.0 53.62
286.3 23.58 286.4 22.48
287.3 4.18 287.8 2.59
288.8 3.09 289.4 2.28
Ni1s 399.2 3.68 399.2 2.79
400.4 1.37 400.4 144
402.5 0.50 402.9 0.43
Ols 531.2 351 531.1 2.37
532.4 6.18 532.3 7.17
533.6 3.64 533.8 2.92
Cu2p3/2 932.6 0.09 932.8 0.26
934.5 0.38 934.5 0.53
Cl2p3/2 198.2 0.16 198.5 0.17
200.6 1.34 200.7 0.52

that the color of the polymers prepared in these sol-
vents under the same conditions (complex concentra-
tion 1 x 10~ M, accumulation time 10 min, optimal
potentials) differs. Poly-[CuSalbn-1,4] prepared in
CH4CN is emerald green, whereas the polymer grown
in CH,Cl,, is red-brown. Probably, the mechanisms of
polymer formation in these solvents differ.

The dependence of the thickness of a poly-
[CuSalbn-1,4] film on the accumulation time, charac-
terizing the kinetics of polymer growth at the optimal
potential, is shown in Fig. 7. The film with the max-
imal thickness (0.074 um) was grown in the course of
21 min from an acetonitrile solution of [CuSalbn-1,4]

0.1

E 0.06

<5

0.02

10 20 30
Tacc, Min
Fig. 7. Thickness h of poly-[CuSalbn-1,4] film vs. the ac-
cumulation time 74, (1) a Ez. = 1.1 V in CH3CN and
(2) Egee = 1.25 V in CH,Cl,.

(Exee = 1.1 V). The limiting thickness of the film
prepared in CH,CI, solution (E,. = 1.25 V) in 7 min
is 0.093 um. The film thickness does not grow with
increasing accumulation time.

The dependence of the charge diffusion coefficient
along the polymeric chain on the thickness of a poly-
[CuSalbn-1,4] film is shown in Fig. 8. The maximal
diffusion coefficient D, (1.05x 10 cm?s™) was
observed in the film grow in CH;CN in the course of
21 min. In CH,Cl,, the maximum (D, = 0.57 x
102 cm?s™Y) is attained at accumulation time of
10 min.

Thus, films of poly-[CuSalbn-1,4] with the maxi-
mum thickness of 0.093 pm can be grown within 7 min
from 1 x 10 M solution of the complex in CH,Cl,
under potentiostatic conditions at E,. = 1.25 V.

Poly-[CuSalbn-1,4] was analyzed by X-ray pho-
toelectron spectroscopy (XPS). The binding energies
and atomic concentrations of the components of XPS
spectra of the oxidized and reduced forms of poly-
[CuSalbn-1,4] are presented in Table 2. The copper
XPS spectrum indicates the presence of Cu(l) (BE =
932.6 eV) and Cu(ll) (BE = 934.5 eV) in the polymer.
The Cu(l)/Cu(ll) ratio in the oxidized and reduced
forms differs. The Cu(l) content in the reduced form
(33% of the total copper content) is higher than that
in the oxidized form (20%). It should be noted that
the band with BE of about 937.2 €V, which is typi-
ca of Cu(Mesal), polymers [13] and is assigned to
Cu(l) atoms forming strong Cu-O-Cu bonds, is ab-
sent in the spectra. Probably, additional methylene
groups of the H,Salbn-1,4 ligand prevent formation
of these dimers.

The éectrochemica behavior of poly-[CuSalbn-1,4]
is characterized by an electrochromic effect owing to
the formation of oxidized and reduced forms of the
polymer. The oxidized form was prepared by poly-
merization under potentiostatic conditions in CH;CN

_ 12
Il/l
s
° 08F
o
=
X 041
Q()
1 1 1 1
0.04 0.08
h, um

Fig. 8. Charge transfer rate vs. the thickness h of poly-
[CuSalbn-1,4] film grown (1) in CH,Cl, at Ej.. = 115V
and (2) in CH3CN at Eyo = L1 V. (D) diffusion coefficient.
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and CH,Cl, at E = 1.1 and 1.25 V, respectively.
The color of the oxidized form of poly-[CuSabn-1,4]
prepared in CH3;CN and CH,CI, is emerald green and
red-brown, respectively. The reduced form accumu-
lated at low potential (E = 0.1 V) in 5 min has light
green color, irrespective of the color of the oxidized
form. When the applied voltage is switched off, an
equilibrium potential E,, = 0.51 and 0.56 V is spon-
taneously attained in several hours in CH3;CN and
CH,CI,, respectively. These potentials determine the
redox state of the polymer.

The electronic absorption spectrum of oxidized
poly-[CuSalbn-1,4] prepared in CH;CN under poten-
tiostatic conditions (E,.. = 1.1 V) is shown in Fig. 9.
To record the electronic spectra, the polymeric film
was supported on a quartz plate coated with platinum
by a vacuum procedure. The spectrum contains two
bands with A, = 395 and 615 nm. We failed to re-
cord the electronic absorption spectrum of the reduced
form.

The dependence of the photopotential of the re-
duced form of the polymer on the exposure time
is shown in Fig. 10. The polymer was prepared in
CH4CN and was reduced to E = 0.1 V (light green
color) in acetonitrile solution of TBAP. The photo-
electric experiment was performed by the procedure
described in our previous paper [2]. As seen from
Fig. 10, reduced poly-[CuSabn-1,4] (E,,q = 0.1 V) is
photooxidized to the stationary state in 40 s. The max-
imum photopotential corresponding to the maximum
accumulation of oxidized fragments of the complex
in the polymer exposed to light is 177 mV. The fact
that the photopotential does not change after repearted
excitation cycles indicates the stability of the poly-
meric films to light. The photopotential of the film,
measured on a cylindrical electrode, is 100 mV.

CONCLUSIONS

(1) Electrochemica synthesis of poly-[CuSalbn-1,4]
was performed for the first time. In spite of the fact
that the methylene chain of the [H,Salbn-1,4] is longer
then that of [H,Sden] and [H,Salpn-1,3], [M Salbn-1,4]
complexes form stable electrically conducting and
photoactive polymers characterized by fast charge
transfer. The thickness of these polymeric films is
typical of compounds of this class.

(2) Poly-[CuSalbn-1,4] with the maximal thick-
ness of 0.24 um was prepared in CH,CI,, under poten-
tiostatic conditions at E,.. = 1.2 V for 7 min. The
charge diffusion coefficient in poly-[CuSalbn-1,4] is
Dy = 2.95x 10%? cm? s™%. The maximum photopo-

O_

—0.08 I

D, rel.units

—0.16 L1 -
300 500 700

A, nm

Fig. 9. Electronic absorption spectrum of oxidied poly-
[CuSalbn-1,4] (Ey, = 1.1 V, CH4CN, BuyNClIQy, 14 =
20 min, emerald green polymer). (D) Optical density and
(») wavelength.

160

~ 80
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f, s
Fig. 10. Photopotential E of poly-[CuSalbn-1,4] in 0.1 M
solution of TBAP in CH3CN vs. the time t of exposure
to polychromatic light. Film thickness h = 0.04 um,
E =01V.

tential of poly-[PdSalbn-1,4] and poly-[CuSabn-1,4]
is 133 and 177 mV, respectively.
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