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ABSTRACT. The paper deals with topical questions of the processes of obtaining antimony sulfide and
metallic Sb from ores. Problems of both theoretical and applied character have been considered. Complete
Thermodynamic Analysis (HTA) of the heating process of Sb and Sb,S, in vacuum (P = 0.0001 atm) and
that of the systems Sb-S, Sb-S-Fe, Sb-S-Al in different media at atmospheric pressure was made. In all
the cases estimations were carried out at temperatures from 400 to 1500 K at the pressure of 1 atm.
The results are shown in diagrams (temperature dependence of the content composition). Experiments
were conducted to obtain antimony sulfide from gold-bearing antimony ores of Zopkhito (Georgia). The kinetics
of evaporation of Sb,S, for the ores of various fractions in a vacuum at temperatures of 500-700 °C was
studied and the optimal conditions for obtaining Sb,S, were defined. Antimony of technical grade (95%) was
obtained from antimony sulfide by iron reduction of antimony (in vacuum) followed by sublimation and
condensation. By heating of technical grade antimony up to the temperatures of 400 °C, 450 °C and
500 °C in vacuum (~10-5 MPa) and holding for 3 hours (with the aim of purification of As and S),
antimony of high purity (~99.2%) was obtained. © 2013 Bull. Georg. Natl. Acad. Sci.
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This paper presents thermodynamic analysis of
high-temperature processes for obtaining antimony
sulfide and metallic Sb, as well as experimental data
on obtaining metallic Sb.

Materials and Method

Experiments were conducted to obtain antimony
sulfide from gold-bearing antimony ores of Zopkhito
(Georgia); the kinetics of evaporation of Sb,S, for the

ores of various fractions in a vacuum at temperatures

of 500-700 °C was studied and the optimal conditions
for obtaining Sb,S, were defined. Antimony of tech-
nical grade (95%) was obtained from antimony sulfide
by iron reduction of antimony (in vacuum) followed
by sublimation and condensation.

By heating of technical grade antimony up to the
temperatures of 400 °C, 450 °C and 500 °C in vacuum
(~10-5 MPa) and holding for 3 hours (with the aim of
purification of As and S), antimony of high purity
(~99.2%) was obtained.

© 2013 Bull. Georg. Natl. Acad. Sci.
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Fig. 1. The dependence of component quantity on
temperature with Sb heated under vacuum (10 MPa;
0.0001 atm): 1- Sb(cond.); 2- Sb,(gas); 3-Sb,(gas);

4- Sb(gas).

A complete thermodynamic analysis (CTA) of the
heating process of Sb and Sb,S, under vacuum
(P=0.0001atm) and the Sb-S, Sb-S-Fe, Sb-S-Al sys-
tems under atmospheric pressure in various media
was conducted using ASTRA 4 [1] software system.
In all the cases the computations were performed in
the temperature range 400 - 1500 K.

The possible condensed components accounted
for all systems were: Sb, S, Sb S, Sb,0,, Sb,O,, Sb,S ,
Fe, FeS, FeS,, FeSb, FeSb,; gaseous: Ar, O, 0,,0,, S,
S,.S,,8,.8,,S,,S.,S,,50, SO, S,0, Sb, Sb,, Sb,, Sb,,

2 P32 Pp P P Dp Vg 22
SbO, SbO,, Sb,0,, SbS, Fe.

The values of some experimentally undetermined
thermodynamic functions of compounds required for
conducting thermodynamic analysis (TA) were ob-
tained using computational methods and added to
the thermodynamic quantities database.

The main results for all the compositions are pre-
sented through the diagrams. Only a few of them
have been shown in the paper.

The TA results of the heating process of Sb un-
der vacuum (P =0.0001atm) are presented in Fig. 1.

Evaporation of Sb begins at 750 K and is fully
complete at 850 K (the condensed phase of Sb dissi-
pates). Consequently, precipitation of gaseous Sb,
in the system begins at 750 K and reaches its maxi-
mum at 850 K; Sb, (gas) decreases with the subse-
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Fig. 2. The dependence of component quantity on
temperature with Sb,S, heated under vacuum
(10 MPa; 0.0001 atm): 1-Sb,S,(cond.); 2- Sb,(gas);
3-S,(gas); 4-SbS(gas); 5-Sb,(gas); 6-Sb(gas).

quent increase in temperature and completely dissi-
pates at 1400 K. Simultaneously, precipitation of Sb,
(gas) begins at 800 K and reaches its maximum at
1300 K; the amount of Sb, decreases with the subse-
quent increase in temperature and at 1500 K it makes
up ~67 mass %. Precipitation of Sb (gas) begins at
1150 K, its amount in the system makes up ~32 mass
%at 1500 K.

The TA results of the heating process of Sb,S,
under vacuum (P = 0.0001atm) are presented in Fig. 2.

It is seen that from 800 K a decrease is observed
in the amount of condensed Sb,S,, which completely
evaporates at 900 K. Approximately at 850 K Sb,S,
begins to decompose and precipitations of Sb, (gas),
S, (gas) and SbS (gas) begin in the system. The
amounts of Sb, (gas) and S, (gas) reach their maxi-
mum at 900 K. Sb, (gas) decreases with the subse-
quent increase in temperature and dissipates at ~1300
K; S, (gas) also decreases and its amount remains
practically unchanged above 1200 K. The amount of
SbS (gas) increases to 1250 K and remains un-
changed to 1500 K. Simultaneously, from 900 K the
gas-phase composition of the system begins to
change due to precipitation of Sb, (gas), the amount
of which increases to ~1250 K, then it decreases until
itreaches 23 mass % at 1500 K. From 1200 K precipi-

tation of Sb (gas) begins, the amount of which in-
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Fig. 3. The dependence of component quantity on
temperature for the reaction Sb,S, + 4Fe: 1- Sb(cond.);

2 - FeS,(cond.); 3- FeSb(cond.); 4 - Fe(cond.);

5 - FeSb,(cond.).
creases in the system until reaching ~17 mass % at
1500K.

The estimations, simulating equilibrium states at
heating of Sb,S, within the temperature range of 850-
1500 K in argon atmosphere show that starting from
~1100 K, the content of Sb,S, decreases in the
system and at ~1350 K the sulfide completely
disappeares. Precipitation of the condensed Sb be-
gins at ~1100 K, its content increases rapidly from
~1200K and reaches its maximum at ~1350 K. Athigher
temperatures the content of Sb decreases due to
evaporation. Along with the condensed Sb, S (gas)
begins to precipitate in the system from ~1150 K,
reaching its maximum amount at 1350 K. Also, Sb,
(gas) and SbS (gas) manifest themselves in the sys-
tem at ~1200 K, Sb, (gas) manifestsitselfat~1300 K,
and Sb, (gas) manifests itself'at~1350 K. Their con-
tent increases gradually as temperature increases.

The TA results of the process of Sb,S, heating to
~1000 K in the area of 80% Ar +20% 0,show that the
system contains a large amount of Sb2S3; the con-
densed Sb,0, and gaseous S0, are in a less amount.
Sb,S, (in large amounts) and small amounts of Sb,0,
and the gaseous SO, are present in the system to
1000 K; above this temperature a decrease in the
amount of Sb,S, is observed until its total dissipa-

tion at 1350 K, where as the concentrations of Sb,O,
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Fig. 4. The dependence of component quantity on
temperature for the reaction Sb,S, + 2Al: 1 - Sb(cond.);
2 - ALS,(cond.); 3 - Sb,(gas); 4 - Sb,(gas); 5 - Sb,(gas).

(gas) and SO, (gas) slightly vary. Precipitation of S (r)
begins at ~1050 K; its amount increases gradually,
from ~1250 K it increases rapidly and reaches its maxi-
mum at ~1350 K; at higher temperatures a slight de-
crease in S (r) is observed. The condensed Sb ap-
pears in the system at ~1200 K. Its concentration
increases significantly to ~1350 K, and with the sub-
sequent increase in temperature it decreases rapidly
due to evaporation. Sb,(gas), Sb,(gas) and SbS (gas)
appear in the system starting from ~1200 K, and Sb,
(gas) manifests itself from ~1300 K. Their content
increases as temperature increases.

The TA results for the reaction of Sb,S, +2 Sb,0,=
= 6Sb +3 SO, show that the content of Sb,0, (con-
densed) gradually decreases (due to the evaporated
Sb,0,) to about 1050 K, while the content of Sb,S,
stays unchanged.It is seen that the concentration of
Sb,0, (cond.) in the system decreases gradually to
~1050 K (evaporation occurs as Sb,O,), whereas the
concentration of Sb,S, (cond.) does not vary. This
reaction occurs above ~1050 K and Sb,0, and Sb,S,
completely dissipate at ~1300 K. Precipitation of the
condensed Sb in the system begins from ~1050 K, its
concentration reaches its maximum at ~1300 K, and it
decreases rapidly due to evaporation with the sub-
sequent increase in temperature. Sb,O, manifests it-

selfin the system at ~850 K, reaching its maximum at
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1300 K; at~1100 K the occurrence of SO, (cond.) is
observed in the system, with its concentration in-
creasing rapidly to ~1300 K, while above this tem-
perature it varies slightly. Simultaneously, Sb, (gas),
Sb, (gas), Sb, (gas) and SbS (gas) precipitate in the
system in the temperature range ~1100 — 1200 K.

The interaction between antimony sulfide (Sb,S.)
and iron (Fe) is the primary reaction of obtaining
metallic Sb. TA was conducted for the following
reactions:

1.Sb,S, +2Fe;

2.8b,S, +3Fe;

3.Sb,S, +4Fe;

4.Sb,S, + 5Fe;

5.8b,S, +6Fe.

The TA results for the first reaction showed that
the amount of Sb,S. in the system increases slightly
to 800 K, then it decreases gradually to 1200 K, after
that it decreases rapidly and completely dissipates
at~1450 K. From 600 K to 1000 K the amount of FeS,
decreases rapidly and dissipates, while the amount
of FeS, by contrast, increases. The amount of metal-
lic Sb also increases in the range from 600 to 1400 K,
and above 1400 K it decreases slightly due to evapo-
ration. A significant amount of metallic sulfide forms
in the system as FeSb,, its amount decreases and
makes up 18 mass% at 1250 K, and as temperature
increases to 1500 K it reaches 33 mass %. Precipita-
tion of gaseous SbS (gas) and S, (gas) begins in the
system above 1200 K. As thermodynamic analysis
has shown, the sulfide reduction is not fully achieved
in the temperature range 600 to 1450 K, which is at-
tributable to insufficient amounts of iron.

The TA results for reaction (2) have shown that
the process proceeds in much the same way as reac-
tion (1). In this case only a small amount of Sb,S, is
found in the temperature range 600-1400 K, which again
can be attributed to an insufficient amount of iron.

The TA results for reaction (3) are presented in
Fig. 3 in this case Sb,S, is not found in the system
any longer as confirmed in obtaining metallic sulfide
experimentally.
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Similar results were obtained for reactions (4) and
®).

The reduction process of antimony sulfide with
aluminum proceeds according to the reaction:

Sb,S, +2A1=2Sb+ALS .

Conducting TA of this particular system was of
special interest since the data on thermodynamic
analysis of this reaction has not been found in the
literature.

Among the possible condensed components ac-
counted for were: Al, Sb, S, Sb,S, AlSb, ALS, ; among
gaseous components were: Ar, S, S, S3, S, SS, SG, S7,
S,, Sb, Sb,, Sb,, Sb,, SbS, Al, AL, AlS, AIS,, ALS,
ALS.

The TA results for this reaction in the temperature
range 500 to 1500 K are presented in Fig. 4. It is seen
that antimony is fully separated below 500 K and its
amount does not change to 1000 K; above this tem-
perature the amount of Sb decreases due to evapora-
tion. Condensed ALS, is present in the system below
500 K and does not change across the whole tempera-
ture range. Gaseous Sb, first, and subsequently Sb,
and Sb, begin to separate above 1000 K.

As noted above, processing of antimony raw
material and obtaining metallic Sb is carried out
through the interaction between antimony sulfide and
iron according to the reaction:

Sb,S, + 3Fe=2Sb + 3FeS.

The resultant FeS represents a compound with a
higher melting point. Therefore, Na S, Na O and some
other sodium compounds are added to the charge
material to obtain low-temperature slag.

The experiments on obtaining metallic Sb were
conducted in accordance with the above reaction
without the use of fluxes.

Initially, antimony sulfide (Sb,S,) or so-called
«crudum» was extracted from ore.

In view of its appreciable evaporation from the
ore, obtaining antimony sulfide (Sb,S,) is made pos-
sible by thermal evaporation and the subsequent
condensation under vacuum at relatively low tem-
peratures (500 to 700 °C).
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The experiments were conducted under vacuum
~10° MPa on a weight loss self-recording installa-
tion constructed by us.

For obtaining antimony sulfide from the Zopkhito
(Georgia) ore deposit the kinetics of the Sb,S, evapo-
ration process from various fractions of the ore in the
temperature range 500 - 700 °C under vacuum were
studied. Regularity and optimal conditions for ob-
taining antimony sulfide were determined: vacuum
~10% MPa, fraction (-1+ 0.5) mm, temperature — 650-
700 °C, duration ~40 min, extraction —over 90 mass%.

Chemical and phase X-ray structure and
metallographic analysis have shown that arsenic,
which exists in ore both as arsenic sulfide and its
complex compound will evolve into a condensate
along with Sb,S.. To remove arsenic from antimony
sulfide the sulfide was heated to ~450 °C under
vacuum for two hours; subsequently, the residual
portion was heated to ~700 °C, also under vacuum.
As a result of these technological manipulations the
amount of As in the condensate decreased signifi-
cantly.

The resulting antimony sulfide and iron powder
were mixed in a special mixer for 4 to 5 hours. The
mixture was placed in a sealed steel container and
heated in a shaft furnace to ~700 to 800 °C for 3 hours
in the argon medium under a pressure of 1 atm.

The resulting mass was ground to powder and
placed in a heating unit of a kinetic installation at
~850 °C under a vacuum ~10° MPa. The experiments
have shown that intensive evaporation of metallic
antimony and its condensation on the cool walls of
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the quartz tube occurs at this temperature. Accord-
ing to chemical analysis the resulting condensate
consists primarily of metallic antimony.

The experiments have shown that the amount of
the reducing agent (Fe) greatly influences the evapo-
ration rate and the yield of the end product. With
small amounts of iron complete reduction of Sb is not
achieved, resulting in a mixture of metallic antimony
and unreduced sulfide. In case of large amounts of
iron, complete reduction of antimony from the sulfide
is achieved. However, excess iron forms compounds
(FeSb, FeSb,) with the reduced Sb, thus reducing the
yield of the end product (i.e. metallic Sb) in the con-
densate.

Experimental data indicate that the best results
for obtaining the end product (i.e. metallic Sb) are
achieved with the mixture ratio Sb,S./Fe=1.5.

At the same time the impact of temperature on
both stages of the above process was studied. As
experiments have shown optimum temperature in the
first stage of the process is 750 °C, while in the sec-
ond stage it is 850 °C, and the best yield of the prod-
uct is achieved under these conditions.

Thus the end product (metallic Sb) of technical
purity (~95 mass%) was obtained from sulfides by a
reduction of antimony with iron and its evaporation
under vacuum.

Isolate arsenic and sulfur the obtained metallic
antimony was heated under vacuum (~10- MPa) at
~400°C, 450 °C and 500 °C for three hours.

As aresult, high purity (~99.2 mass%) metallic Sb
was obtained.



80 Jondo Bagdavadze, Rusudan Chagelishvili, Tsisana Gagnidze

80%0 dﬂﬁ() J[)HOJ

Sbmodmbols 15393(30;!\)015.) S Qomms'aﬁo Sbmodmbols
30;;)36015 30;30@@333360&3639‘30 3(4)00(3315015 '3815%’.)3;330

X- 3srreapedy’, é. Boggmodgomo™, 3. 39360dy™, 3. 33bgemsge’,
. 14).)%3.)63*, %. vojbﬁ)oda*

:;5. mogodols Hg(ﬁogigﬁaoolso @9 HJZJJ,Q?JMHG{‘?QEJ{Y)dob 051}@0@3@0, m&ogmlm
o.x‘)&)boggog)ols Lok, m&ogmlsols Zsobgg:gﬁ’ogm 27503(7(*’7150@‘7@0, . oagwdols ot*’wmtﬁaob}ygm joaoolso @9
g@gj@(ﬁmjﬂ&mls 0515(50@27(60, m&oqmlm

6596 ddo a.)EBOQ-z]Qo.) 80;250@5 3600dmbols B'ﬂQ({iOQO]}O © Qomms-aﬁo 3600dmbols 30;336015
360031&3301& 60’)3«)60 mﬂmﬁo-agmo, 0153 3.330)8353300)0 bobosomols .);]&-3.);:)-360 'ls.)dom'bﬂao. '33156-3—
Qabago.) Sb [ ) sz S3 aob-aﬁa&ols 36(*)03153301} B&)-aQo 0)363(');:\)05030 6'2']60 oEoQo'Bo 3 6-8-33'30
(P=0,00010®3) ©> Sb-S, Sb-S-Fe, Sbh-S-Al Boh@aaaaoh o&ﬁml&gaﬁgg 9533.)153. 439600 .)53.)60'30
aahﬁﬂgabagoo taot’)mm &333360&363Q 05®363.)Q'30 (400— 1500 K) aogabago '33“\)%360 906—
BmQaaﬁoQoo Qooaﬂmaaaoh Loboom (Jm330535®3301s aaQaasonﬁoh Qoamdoa\)abagaao &333360—
&-36.)%3). B')&O&'{]%QOQ 63Q3336° 'Bmtabo&mls mﬂﬁmaaaeaago 3600dmbols BQQEQQQE 3600dmbols
ls-g]QtaoQols BoBoQDBoQ, '33]59‘)3;30;20.) SbZS3 omﬁmﬂma&oh dosaéoda B’b&)gah’b&) (36.)50001&
3.);:\)53601»0)3013 BN d?]‘:]a'ao 500-700°C &333360&35)36%3 > QQQ&]SQQQ.) Sb2S3 30Q36013 m3®oaog'at4)o
306073330. 36003mbols Bﬁgtaoa\ma\mﬁ Sb-ob & dosom QQQaaso'ls '83"\’33‘5‘2 5 'BaaQamao omﬁmﬂmaaomo
> dea\)als.)Goom, aabagaﬁago a.)l'm\).) &3{]50 6-860 13013'3130»3013 Qomms'aﬁ)o 36003mbols 30;2363 (95
3.)15.%). 3‘)6'3'38'80 (NIO'5 33.)) 400°C, 450°C ©> 500°C &333360&36{]3‘33 &3;]506-860 lsols-a%m%o'ls
monmb®o 3600dmbols gsbyMgdon ©s ©IgM36980m 3 Lssmol 336dsgemmdsdo (R3®03bsboby s
amaoﬁm\)ol} HmGOQz]Bols 30‘15500)) aogabag 0550 HoQoQo lsols'atao»;io'ls Qomms'z]&)o 3600dmbo (~99,2
351.%).

REFERENCES

1. N.A. Vatolin, GK. Moiseev, B.G. Trusov (1994), Termodinamicheskoe modelirovanie v vysokotemperaturnykh
neorganicheskikh sistemakh. M., 352 p. (in Russian).
2. S.M. Mel’nikov, A.A. Rozlovskii, A.M. Shuklin (1977), Sur’ma. M., 536 p. (in Russian).

Received March, 2013

Bull. Georg. Natl. Acad. Sci., vol. 7, no. 2, 2013





