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ABSTRACT

In the process of hydrometallurgical and pyrometallurgical production of antimony at the
Kadamzhai antimony plant of the Kyrgyz Republic, large-tonnage waste was generated: tailing
sand, matte, slag, off-balance ore, cakes, furnace fragments, and electrolytes in salt warehouses.
The waste cake is poorly studied; accordingly, the elemental and phase compositions of
antimony cake have not been established. In this regard, it was noted that antimony in the cake
occurs in the form of calcium antimonate and antimony hydroxide. The content of antimony in
the mine tailings cakes is from 3.53 to 4.4%, with a high content of iron (27.5%) and sodium
(8.86%). Based on the established elemental and phase compositions, a chemical matrix of
antimony cake was compiled. The equilibrium compositions were calculated and the
concentration distribution of the main elements of the cake (Fe, Na, Si, Sb) and their compounds
in the gas phase was found depending on the temperature of the destruction of the solid phase.
It was found that condensed antimony oxides are formed in the range of 1098 - 1348 K. Taking
into account the range of temperatures for decomposition of the solid phase, a two-stage
smelting of antimony cake is proposed (melting and cupellation). The conversion of antimony
cake sulfides from the gas phase into a solution was carried out based on a study of the system:
antimony sulfide- manganese (IV) dioxide- sulfuric acid - sodium chloride. The pH value and
the redox potential (Eh) of the solution were calculated. It is noted that the sulfur compounds of
antimony from the cake are converted to antimony oxychloride with the formation of antimony
(IIT) oxide in an alkaline medium. The use of sodium chloride as a chlorinating agent of
antimony sulfur compounds does not lead to the formation of toxic phosgene and hydrogen
sulfide; in the solid phase, elemental sulfur is released, which is important for minimizing the
technogenic load of pollutants on the environment.
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1 Introduction

Antimony cake is an insoluble solid obtained in the process of
extracting valuable components from ore. Currently,
considerable attention is paid to the environmental problems
of the chemistry and technology of antimony and its
compounds [1-17]; environmental pollution with antimony
wastes [1, 13, 16]; behavior of antimony in swampy
groundwater [2]; antimony waste and dust emissions during
smelting process [3, 14, 17]; environmental risks [4] and
removal of antimony in water by electrocoagulation [5];
accumulation and transformation of antimony in the
environment [5]; removal of antimony (III) by adsorption
using carbon nanotubes and bimetallic oxide polymer anion

exchange resin, adsorption of Sb (V) on the surface of binitite
and ferrihydrite; geochemistry of antimony mobility and
transport [6-9, 11].

It is noted that the cakes of the tailing dump are
multicomponent and occur in the form of a technogenic
formation. Environmental problems of industrial waste,
including the production of antimony, are very important [10].
In particular, the assessment of pollution in the area of
antimony mining, prevention of the process of waterlogging
of spent electrolytes and their seepage into groundwater,
reduction of the destruction of antimony by plants and soil of
systematic scientific and practical research. In this study, to
predict the processes of chemical transformation of the solid
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phase and the formation of antimony oxide (III), the
physicochemical principles of the destruction of waste
antimony cake in a gas-liquid oxidizing medium were
considered based on experimental analyzes of antimony cake
examples of the Kadamzhai antimony plant (KAP).

2. Material and methods

The main elemental composition of the antimony cake,
formed in the KAP, was determined by an atomic absorption
spectrometer AAnalyst 800 (Perkin Elmer, USA). An ICP
OES Optima 7000 optical emission spectrometer with
inductively coupled plasma was used to detect small
impurities of individual elements. The processing of the
diffraction pattern and the calculation of interplanar distances
were carried out using the EVA software. Sample decoding
and the search for phases were performed with “Search /
Match” program using the PDF-2 powder diffractometric
database (Fig. 1) [18]. The study of the process of oxidation
and destruction of antimony cake in oxygen at different
temperatures was carried out by the method of thermodynamic
modeling of the system at maximum entropy using the "Terra"
program [19]. Methodical calculation algorithm equilibrium
of formation of gaseous, condensed substances, electrically
neutral and ionized components, pure phases, and their
solutions. The equilibrium of the studied system was achieved
at the maximum entropy relative to the thermodynamic
degrees of freedom (M, T, P). Specific volume (V) and
internal energy (U) are related to the concentration of
components in the filter cake, as well as temperature and
pressure. The pressure value and the temperature limits of the
decomposition of the solid phase were given. The elemental
composition of the cake was experimentally determined per 1
kg of the carrier (mol/kg).

It is noted that antimony cake consists of complex
independent components. The destruction of the cake in the
gas phase proceeds with the formation of individual low
molecular weight components, atomic and ionic particles.
Therefore, the phase transition of the components was taken
as a chemical reaction, and the number of independent
reactions was equal to the number of components. In this case,
the reactions were chosen as independent reactions, in which
the distribution of the concentrations of individual
independent elements (Fe, O, Si, S, Na, Ca, Sb, H, Al, Mg)
was taken into account. The physicochemical and
thermodynamic parameters of the system antimony cake -
oxygen were calculated at P=0.1 MPa, T =298-3098 K (with
a step of 200 K). The calculation of entropy from the values
of AS, AH, Cp, T, made it possible to determine the changes
in the Gibbs energy (AGr = AHt -TASr), and the transition
from AGT to the equilibrium constant (K) was carried out
according to the formula AG = -RTInK [19].

3. Results and discussion

In the scope of this study, the elemental and phase
compositions of the KAP antimony cake were examined
(Table 1, Figure 1). As the results showed, the content of
antimony in the mine tailings cakes ranged from 3.53 to
4.42%. Besides, high levels of iron (27.5%) and sodium
(8.86%) were detected.

The phase composition of antimony cake, obtained by semi-
quantitative X-ray phase analysis, showed (Fig. 1) that the
main minerals are hematite - cristobalite (Fe2O3 Si0,), pyrites
(FeS,), magnetite (Fe3Os4), hexasodium iron tetrasulfate
NagFe(SOs)4, pyrrhotite (Fei05S09s5), calcium antimonate
CaNaSb,0¢(OH)-calcium oxide CaO, antimony hydroxide
SbSb,06(OH), sodium aluminate (NaAlO»), periclase (MgO);
the composition of the gas phase is 100% oxygen.

Table 1. Elemental composition of antimony cake of the KAP (in
ppm) according to the atomic absorption spectrometer

Sample Concentration, Sample Concentration,
cake ppm cake ppm
As 10256.5 Mo 0.9
Cd 29 Ni 94
Cr 84 Pb 8292.5
Cu 893.5 Zn 3294.5
Hg 4.5 Sb 44221

Antimony in antimony cake occurs in the form of calcium
antimonate CaNaSb,O¢(OH) and antimony hydroxide
SbSb,06(OH). Based on the experimentally found elemental
and phase compositions of antimony cake (Table 1 and Fig.
1), the chemical matrix of the antimony cake was compiled (in
%): Fex03Si02 (25.5) - FeS; (21.2) - FesO4 (124) -
NaGFe(SO4)4 (121) - Fe1.05S0.95 (1 1) - CaNaSb,OsOH (82) ,
CaO (1.67) - SbSb,O¢OH (5.4) - NaAlO; (2.65) - MgO (0.13).
Taking into account the chemical matrix of antimony cake,
thermodynamic modeling of the process of destruction of
antimony cake in an oxygen medium was carried out, and
temperature ranges of the formation and chemical
transformation of antimony-containing components and
particles in the gas phase were revealed.

xn BRI MANAS Journal of Engineering, Volume 9 (Issue 2) © 2021

www.journals.manas.edu.kg



http://www.journals.manas.edu.kg/

Z. Maimekov et al. / MANAS Journal of Engineering 9(2) (2021) 136-141

138

3.1093
2.9804

d=3.
=
2.7062

21000

d=4.0074
d=:
2.0714

2T b8394

1.8235

d=8.8671
d=:
d=

T T T T |

3048K, that is, in the range of 298-1448K, Po, was equal to
0.084 MPa; molar concentration of oxygen in the gas phase at
various temperatures was as follows: 10.88 mol/kg at 298K;
10.88 mol/kg at 848K; 10.88 mol/kg at 1448K, i.e in the
temperature range of 298-1448K Co; is 10.88 mol/kg, and Po>
is 0.084 MPa (constant), which reflects the conditions of
existence of the studied system. Thus, further calculations
were carried out at a pressure of 0.1 MPa. It should be noted
here that the temperature range from 298 to 3100 K (Fig. 2) in
the computational experiments was selected based on the
temperature of combustion, decomposition, and melting of the
main components of the antimony cake. Also, the formation

10 @ ® © % % " ofactive particles and ions in the gas phase (Fe, Tm=1812 K;
2 Theta Na, Tm =371 K; Sb, Tm =904 K; Si, Tm =1688 K; Ca, Tm
BN LSKB-2 [IMagnetite, syn- Fe  INRomeite - CaNaSb =1115 K; Al, Tm =933 K; Mg, Tm =923K, Tm is a melting
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Figure 1. Diffractogram of the KAP antimony cake

The calculated partial pressure of oxygen in the antimony cake
- oxygen system was 0.084 MPa at 298K; 0.084 MPa at 848K
0.084 MPa at 1448K; 0.078 MPa at 2298K and 0.060 MPa at

temperature) were taken into consideration.

During the high-temperature decomposition of the antimony
cake in the gas phase, the following components were formed:
Sb, SbO, SbH, Sb4Os, Sba04 (¢), Sb2Os (c), Sba, Sbs, Sba, Sb-
, SbO;-, SbS, SbO; (Table 2).

Table 2. Equilibrium compositions and concentrations of Sb-containing components and cake particles at various temperatures of the

destruction of the solid phase

C, T, K
mol/kg 1648 2048 2348 2698
Sb 4107 1-10°3 1-102 3.1-102
Sba 6-10°! 5-10°¢ 5-10° 6-10°
Sbs - 1-10° 2-10°8 2-10°8
Sba 11012 (2098K) — 1-10°1? (2648K)
Sb- - 3-1010 5-10°8 6-107
SbO2- 6-10710 2-10°¢ 2-10° 1-10°
SbO 6:10* 1.4-107! 3.5-10" 3.2-10°!
SbH 6:107 8107 1-10°3 1.1-10
SbS - 1-10°% 7-107 9-10°
SbO: 5-107 9-10° 2-10* 2-10*
SbaOe 9-10 5.6:102 2:10°° 6-1071°
Sb204(c) 1.82-10°! (1098K) — 3.64-102 (1348K)
Sb20s(c) 1.82:10"! (1048K)

Figure 2 shows the equilibrium compositions and

concentrations of the main antimony-containing components,
including the condensed phases of Sb2O4 (¢), SboOs (¢) during
the decomposition of antimony cake. Here, the concentration
of the condensed phase was in the range of 10-2 mol/kg. and
for low molecular weight particles and ions, such as Sby, Sbs,
Sbs, Sb-, SbO,-, the concentration ranged from 10-'? to 10
mol/kg (Table 2).
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Figure 2. Concentrations of Sb containing components and
particles in the gas phase depending on the decomposition
temperature of the cake

The experimental results show that some condensed
substances like Sb,Os(c), SbyOs(c) can be formed at a
temperature of 1048 K (Table 2), and particles (Sb, Sb,, Sbs,
Sbs) and ions (Sb, SbO;") are formed at high temperatures up
to 3000 K (Fig. 2, Table 2). Table 2 shows the maximum
temperature that needs to be reached in the process of Sb-cake
destruction equals 1812 K. Thus, the chemical transformation
of antimony-containing condensed substances proceeds
at1348 K. As mentioned above, the formation of atomic-
molecular (Sb, Sby, Sbs, Sbs) and ionic particles (Sb™, SbO»’)
in the gas phase were detected at higher temperatures (Fig. 2).

Table 2 shows only negative ions of antimony, while the
results of decomposition of the antimony cake at high
temperatures showed the formation of negative and positive
ions (mol/kg), for example, at 2698 K: O = 0,25:10% Oy =
0,23-10%, H =0,73-10®, OH = 0,55-10°, HO, = 0,18-107, S =
0,14-10%, S, =0,74-101°, SO =0,12-103, SO, =0,12:103, SH =
0,17-10°%, Sb" = 0,56-10%, SbO; = 0,15-10%, AI' = 0,12:10"1,
AlO" = 0,40-10%, AIOy = 0,53-10% Fe" = 0,52:107, Mg" =
0,46:10'°, Ca*=0,31-10",Ca0"=0,65-10"'°, CaOH" = 0,37-10°
%, Na"=0,76:107, Na,O" = 0,9-107.

It was found that during the destruction of the antimony cake
of the KAP condensed antimony oxides are formed in the
range of 1098-1348 K (Table 2). Based on the range of
formation and transformation of the condensed phase, a two-
stage smelting of antimony cake was proposed. A sample of
antimony cake was placed into a ball mill. Then, the crushed
sample was subjected to batching (70% glut / PbO / +20%
soda + 10% borax) in the cake - the ratio of the mixture was
set 1: 3. The mixture was mixed with flour (1-3 g) and silver
nitrate (0.2 ml). Flour was used to stabilize an acidic medium
(borax is used in an alkaline medium); lead oxide was used to
produce a lead alloy (crude lead), and silver nitrate was used
to absorb noble metals from the cake. The resulting mixture
was mixed until a homogeneous mixture was obtained. This
mixture was loaded into fireclay crucibles. In the furnace, the

mixture started melting at the temperature of 1328-1473 K
(45-50 min.). At the initial stage of smelting (30 min), the
sample melted at a temperature of 1203-1303K.

At the initial stage of melting (30 min) at a temperature of
1203-1303 K, the sample melted with the formation of a lead
melt and the release of gaseous products (sulfide sublimation).
Within 20 minutes, drops of liquid lead melt completely
covered the antimony cake. After 50 minutes, the multi-
component melt was poured into cast-iron molds and the latter
cooled in the air (10-15 minutes). In primary smelting, many
metals and their impurities, including precious ones, are
absorbed by the lead-silver collector. Thus, a lead alloy was
formed - crude lead, which was covered with quartz slag. This
quartz slag was cleaned off from the surface of the lead alloy
with a hammer. At the second stage of melting (cupellation),
the furnace was heated to a temperature of 1253 K. For this,
the crude lead was preheated (1173 K) for 10-15 minutes (the
melting point of lead is 600 K). During the cupelling process,
the white finely porous surface of the crucible turns yellow
due to the sorption of some alkaline, alkaline-earth, and other
metals in the cake, including lead (at temperatures below 800
K). At the bottom of some crucibles, an alloy of antimony with
metal impurities (Ag) remained, which melt above 800 K
(melting temperatures of antimony are equal to 904 K). The
silver-antimony glance glares brightly when the last particles
of lead are removed from its surface. It means the end of the
cupellation process of the lead alloy. To transfer the sulfide
sublimate of antimony cake to the solution, the following
system was studied: antimony sulfide — manganese dioxide
(IV) — sulfuric acid — sodium chloride within the temperature
ranged from 288 K to 358 K and pressure of P=10° Pa with
the minimal Gibbs energy based on the program “Selector”
[20].

The values of pH and Eh of solution in a wide temperature
ranges (288 K, pH=2.05, Eh=1.14 V; 298 K, pH=1.96,
Eh=1.15 V; 318 K, pH=2.02, Eh=1.13 V; 338 K, pH=2.14,
Eh=1.12 V; 358 K, pH=2.3, Eh=1.1 V) were calculated. The
pH of the solution ranged between 1.96 and 2.3; the ionic
strength was equal to 10, the oxidizing medium was greater
than zero (Eh> 0). It was noticed that antimony compounds
(sublimates of sulfur of the type: SbS, Sb2S3) from the cake
pass into antimony (III) chloride according to the following
reaction [14]:

Sb1S5+3MnO2+6H:SO0,+12NaCl=28bCls+3MnCly+6Na>SO
1+3S|+6H:0.

Antimony trioxide can be obtained by hydrolysis of antimony
chloride followed by dehydration of the resulting
methantimonic acid.

28bCl; + 3Na,CO; + H,O = 2HShO, + 3CO; + 6NaCl
2HSbHO> = Sh,0; + H,O.
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A solution of antimony trichloride in a mixture of HCI and
water was slowly poured into a boiling solution of Na,CO3
10H,0. The mixture was boiled until CO;, is completely
removed, then the liquid was carefully decanted. The
precipitate was sucked off, washed with hot water until the
complete absence of chlorine ions in the washings, and dried
at 150 °C until constant weight (80% yield). Antimony
pentoxide was obtained through the interaction of Sb,O3 and
oxygen.

The results of the research showed that the pH value of the
working solution at 298 K was equal to 1.96, and Eh = 1.15
V, which means that the medium was acidic. When sodium
chloride was used, hydrogen chloride was formed as a
chlorinating agent during the intramolecular chemical
transformation of the starting components. No toxic phosgene
and hydrogen sulfide were formed in the reaction medium;
elemental sulfur was deposited, which plays a vital role in
minimizing technogenic loads of pollutants on the
environment.

4. Conclusions

In antimony cake, antimony occurs in the form of calcium
antimonate and antimony hydroxide. Taking into account the
temperature of the formation of condensed antimony oxides
(1098-1348K), in the study, a two-stage smelting of antimony
cake was performed (smelting and cupellation). Acid
sublimates of antimony cake were placed in a mixture of
manganese dioxide (IV), sulfuric acid, and sodium chloride
solute to gradually obtain antimony chloride (III) and
antimony chloroxide (SbOCI). Emission of antimony oxide
(III) was observed during the interaction of antimony
oxychloride with ammonium hydroxide. The use of sodium
chloride as a chlorinating agent eliminated the possibility of
the formation of toxic phosgene and hydrogen sulfide in the
reaction medium.
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