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ABSTRACT

It was established based on the analysis of the results of published works and the results obtained
by the authors that there is no information on the behavior and distribution of antimony
chalcogenides - Sb2Ss, Sh.Ses, Sh.Tes, as well as double systems - Sh,S3-Sh,Ses, Sh,S3-Sh,Tes and
Sh,Ses-Sh,Tes under the vacuum processing conditions for polymetallic mattes performed at 1100-
1250 °C and a vacuum of 15 - 0.7 kPa. It was found based on the saturated vapor pressure values
for monochalcogenides that the vapor pressure of free antimony sulfide will be 58.95 kPa at 1100
°C, i.e. the lower limit of the technological interval, which indicates its complete transfer to the
vapor phase when the mattes are evacuated; the vapor pressure of free antimony selenide at 1100
°C exceeds the atmospheric pressure value (101.3 kPa), and Sbh.Ses would be completely extracted
into the vapor phase in vacuum; the boiling point of liquid antimony telluride at atmospheric
pressure corresponds to 971 °C, and it would be extracted into the vapor phase under the
conditions of matte evacuation. The thermodynamic evaporation characteristics of antimony
chalcogenides were found. It was concluded based on the location of the boundaries of the liquid
and vapor phase coexistence fields that it is impossible to separate binary systems of antimony
chalcogenides into separate compounds in the process of one evaporation cycle — condensation,
in binary systems. Different effects of pressure reduction over melts were found. Lowering the
pressure from atmospheric one to 0.7 kPa in SbS3-Sh,Ses system did not change the position of
the boundaries of the liquid and vapor fields (L + V) under the temperature; field width (L+V)
decreases with decreasing pressure in Sb2S3-SbaTes system; the field width first decreases with
temperature, then increases in system Sh,Ses- SbaTes. At the same time, the position of the boiling
curves of antimony chalcogenide solutions indicates the complete transfer of compounds into the
vapor phase under the conditions of matte distillation processing (at 1100-1250 °C) at atmospheric
pressure which is important for assessment of the distribution of antimony and rare metals -
selenium and tellurium by processed products.
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Introduction

Copper sulfides (CuyS) and iron (FeS) are the
basis of polymetallic mattes of copper and lead
plants forming an unstable complex - FeCu,S; in
melt. There are compounds of non-ferrous metals
(PbS, ZnS), rare elements cadmium, antimony,
indium, etc. in the form of sulfides, as well as
selenium and tellurium, isomorphically replacing
sulfur in sulfides in addition to the main components
in the matte. Moreover, the largest amount in the
matte after PbS and ZnS is represented by antimony
chalcogenides.

Binary antimony sesquisulfide systems with CusS
and FeS as applied to the conditions of vacuum-
thermal processing of sulfide melts are considered in
detail in the monograph [1], the behavior of copper
chalcogenides under the same conditions - in [2]. As
a result, it was found that almost complete release
of antimony sulfide into the condensate during
distillation in a vacuum should be expected, and it
was confirmed in the process of factory
technological tests for the processing of mattes. The
dissociation pressure of pure copper sulfide will
fluctuate within 0.5-7 Pa, of copper selenide - 28-230
Pa, of copper telluride - 1.5-9 Pa in the process of
distillation of volatiles at low pressure [2],
performed, as a rule, at 1100-1250 °C. Therefore,
copper sulfide and telluride completely, and copper
selenide in the main degree will concentrate in the
stillage residue.

The liquid-vapor equilibrium in the chalcocite-
antimonite system at low pressures was studied in
the study [3], and it was found that almost complete
release of antimonite into the condensate should be
expected during distillation in a vacuum, however,
the pressure during  the technological
implementation of the matte distillation separation
process should be at least 700 Pa in order to avoid
Cu;S build-up formation.

The removal of non-ferrous metal impurities
from copper matte was studied by the authors in [4]
where it was found that the antimony content was
below 0.1 % after vacuum treatment at 1200 °C and
a pressure of 60 Pa.

The authors [[5], [6], [7], [8], [9], [10]] conducted
studies to determine the oxide solubility of copper,
lead, arsenic and antimony from copper-lead mattes
into slag. The results obtained can be used to predict
the loss of valuable components with slag, and to
develop optimal solutions to reduce the total loss of
metals during processing.

The teams of authors [[11], [12]] studied the
decomposition of jamsonite (PbsFeSbsS14), and the
optimal temperatures equal to 650 and 900 °C were
established for the separation of antimony and lead
sulfides. Up to 98 % Sb,Ss with a purity of 99.17 %
and up to 99.5 % PbS with a content of 98.7 % of the
main compound was obtained.

The extraction of non-ferrous metals from
secondary raw materials by vacuum sulfiding at
1050 °C was studied in [13], and a new method
intended to remove impurities from secondary
copper raw materials was proposed.

The authors of [14] found that when copper
mattes are evacuated at 1250 °C and a pressure of
130 Pa, up to 92 % of antimony in the form of sulfide
can be extracted into the vapor phase and,
accordingly, into the condensate.

To date, a modified volumetric model of the
molecular interaction of the components in a PbS -
Sb,Ss binary system was developed and used
consistent with experimental data. It can be used for
the technological separation and purification of
sulfides [15].

Despite a significant number of studies for the
Sb,Ss isolation from sulfide melts, there are no
studies on the behavior of other antimony
chalcogenides and their binary systems which form
a continuous series of solid solutions [16] under the
conditions of vacuum thermal processing of mattes.

In this regard, the behavior of antimony
monochalcogenides and binary systems of antimony
chalcogenides is of great interest at high
temperatures and low pressure, with the
construction of vapor-liquid equilibrium fields for
binary systems to consider which enable to judge
the distribution of elements, as well as the possibility
of their concentration in a separate middling
product.

Distribution of antimony
monochalcogenides

Judgment on the behavior and distribution of
antimony chalcogenides is based on the saturation
vapor pressure of each of them.

Vapor pressure over antimony sulfide. A
significant number of studies, including [[17], [18],
[19], [20], [21], [22], [23], [24], [25], [26]], and
summarized in monographs [[27], [28], [29]], are
devoted to determination of the magnitude of the
pressure and composition of vapor over antimony
sesquisulfide. Such attention to the thermodynamic
studies of Sb,S; is due to the semiconductor
properties of the compound and the very complex
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composition of the vapor phase. When the
composition of vapor over liquid antimony trisulfide
is studied, it was established [[17], [21], [22]] that
SbS, S;, Sb2S,, SbySs, SbaSa, SbsS,, SbsSs, SbiSa, SbaSs,
Sb4S4, SbsSs molecules and other fragment ions were
presentin it.

Due to the complex composition of the vapor
phase, when the boiling points of alloys were
calculated, the saturation vapor pressure of
antimony sulfide found by the boiling point method
was used [[23], [24], [30]]. This method does not
require knowledge of the molecular weight of the
vapor, and the corresponding dependences:

In prZsaa)[Pa] = 23,889_17718T_1, Wh||e the
thermodynamic functions of

AHE  =147,31k/mol,

J/(mol K).

The vapor pressure of free antimony sulfide at
1100 °C, i.e. at the lower boundary of the
technological interval, will be 58.95 kPa indicating its
complete transfer to the vapor phase when the
matte is evacuated at a rarefaction of 15 - 0.7 kPa.

Vapor pressure over antimony selenide. A
number of researchers were involved in
physicochemical studies of liquid alloys. The authors
of [31] measured the kinematic viscosity and density
of melts in the composition range of 40 mol. % Sb,Ses +
60 atm. % Se — 20 mol. % Sh,Se3+80 atm. % Sb from
melting temperature to 1100-1200 °C.

The crystallization kinetics of glassy alloys was
studied in [32] using differential scanning
calorimetry at different heating rates. SeigoxSbx
(25x<10), the activation energy of the crystallization
process, the order parameter, the rate constant, the
frequency factor was determined, and it was found
that chalcogenide glasses with a higher
crystallization rate, have lower thermal stability.

The authors of [33] studied the behavior of
antimony sesquiselenide during sublimation in
vacuum and established the congruent character of
evaporation.

Mass spectrometric determination of vapor
composition over Sh,Se; established [[34], [21]] the
predominant presence of SbSe molecules, half less -
Sb,Se,, triple less — Sb;Ses and so on in the
descending order: SbsSe, SbsSes, ShaSes, SbsSes,
SbsSe,, Se,, Sh,Ses and very few Sb,Se.

The vapor pressure of antimony sesquiselenide
using radioisotopes in the temperature range from
491 to 687 K (218-414 °C) was determined in studies
[[35], [36]]. The temperature dependence of the
vapor pressure corresponded to the expression:

evaporation:
Asggfsa(,) =102,79

Ig p[mm Hg]= 8,7906-6432,3-T,

Vapor pressure over liquid antimony selenide in
the temperature range of 550—-868 °C (823—1201K) was
determined by a static method using a quartz
membrane manometer in the study [20]. The results
of the determinations are described by the
equation: lg p[mm Hg]= (8,4130+0,0328) -
(7220,4+£250)-T .

Later, the authors of [[37], [38]] determined the
vapor pressures and activities of selenium and
antimony at 994 K (721 °C) by the isopiestic method
over the entire concentration range of the system.

The equation of the dependence of vapor
pressure on temperature recommended in [39] was
used by us to calculate the boundaries of the liquid-
vapor phase transition, and it was transformed by us

to the form: In prZS%(,)[Pa] =23908-16498-T *.
Hence the enthalpy and entropy of liquid Sb,Ses
vaporization: AHgR . ) =137,17 ki/mol,

ASE., 1, =102,95 J/(mol K).

The vapor pressure of free antimony selenide at
1100 °C, the lower boundary of the technological
range, exceeds atmospheric pressure (101.3 kPa),
and Sb,Se; will be completely extracted into the
vapor phase in a vacuum.

Vapor pressure over antimony telluride. The
number of works devoted to thermodynamic studies
of antimony sesquitelluride is not so large in
comparison with sulfide and selenide. The physical
and chemical properties of the antimony - tellurium
and Sh,Te; system were studied by the authors of
[[19], [20], [25], [29], [39], [40], [41], [42], [43]].
When the composition of the vapor was studied by
the mass spectrometric method, the existence of the
following molecules was established [[11], [29]]: Sba,
Sb,, SbTe, Sb,Te;, Te,. However, the authors of [41]
noted that the “degree of incongruence” is very low
during the sublimation of antimony sesquitelluride
in vacuum at 770-830 K.

Sb,Tes steam pressure values found by different
methods differ from each other. In this regard, the
dependence of the vapor pressure of antimony
telluride obtained based on measurements by the
torsion-effusion method in the latest work [26] were
used by wus and converted to the form:

IN Pgy 7o,y [Pa] =31776—-25181- T

The change in the enthalpy and entropy of
evaporation corresponds to the following values:

AHE ) =209,39 ki/mol,

ASgphre, 1) =168,36 J/(mole-K).
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The boiling point of liquid antimony telluride at
atmospheric pressure corresponds to 971 °C, and it
will be extracted into the vapor phase under the
vacuum conditions of matte.

Distribution of chalcogenides in Sh,Ss-
szSeg, szS3-szTe3 and szSeg-szTeg
systems

Measurements of microhardness and thermal
conductivity of Sb;S3-Sb,Ses alloys and X-ray
diffractometry established the formation of solid
solutions between these compounds which
crystallize in a rhombic lattice, in the same way as
the initial compounds [44]. When antimony selenide
is added to sulfide, sulfur atoms statistically replace
selenium atoms, and the lattice parameters
gradually increase as sulfur atoms are replaced by
selenium atoms with a larger atomic radius. In
connection with the formation of a continuous
series of solid solutions and the unlimited solubility
of antimony chalcogenides in the liquid phase, the
boundaries of vapor-liquid equilibrium are
calculated in Sb,S3-Sb,Ses, Sb,S3-Sbh,Tes and Sb,Ses-
Sb,Tes systems.

There are no studies on vapor-liquid equilibrium
in binary systems of antimony chalcogenides.

Due to the fact that the chalcogenides of one
metal, as a rule, have a very slight deviation or lack
thereof under the Raoult law [16], Sb,S3:-Sb,Ses,
Sb,Ss-Sb,Tes and Sb,Ses-Sb,Tes binary systems were
regarded as ideal ones.

The boundaries of the vapor-liquid equilibrium
fields were calculated based on the partial pressure
values of the saturated vapor of the alloy
components. At the same time, the temperature at

which the sum of the partial pressures of the vapor
of the components is equal to atmospheric pressure
or another one corresponding to the conditions of
vacuum distillation of mattes (15 - 0.7 kPa) was
considered as the boiling point of the melt.

The composition of the vapor phase at the
boiling point was determined on the basis of the
Clapeyron—Mendeleev equation as the ratio of the
partial pressure of one component to the total
pressure at this temperature. The boundaries of
vapor-liquid equilibrium in binary systems of
antimony chalcogenides are shown in Figure 1.

State diagrams of condensed systems are
constructed only for binary Sb,Ss-Sb,Ses and Sb,Ses-
Sb,Tes [44]. SbyS3-Sb,Tes system liquidus line is
drawn between the melting points of chalcogenides
conditionally, by a dotted line.

It can be concluded based on the position of the
boundaries of the liquid and vapor phase
coexistence fields that it is impossible to separate
binary systems of chalcogenides into separate
compounds in the process of one evaporation cycle
- condensation. The different influence of the
decrease in pressure over the melts should be
noted. A decrease in pressure from atmospheric to
0.7 kPa does not change the position of the
boundaries of the liquid and vapor fields (L + V) in
temperature in Sb,Ss;-Sb,Se; system; field width
(L+V) decreases with decreasing pressure in Sb,Ss-
Sb,Tes system; the field width first decreases with
temperature, then increases in Sb,Ses- Sh;Te;
system. Apparently, inaccuracies in determination of
the vapor pressure values of the initial antimony
chalcogenides are the reason for such a change in
the position of field boundaries (L+V) in the last two
systems.
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1160° v 1160° %
v
L+Vv 1059° L+V 1059°
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1000 | 1000 , 1000 M_ .
QSSDN gwmm ! .
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Figure 1 - Liquid-vapor phase equilibria in binary systems of antimony chalcogenides.
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At the same time, the position of the boiling
curves for the solutions of antimony chalcogenides
indicates the complete transfer of compounds into
the vapor phase under the conditions of distillation
processing of mattes (at 1100-1250 °C) even at
atmospheric pressure.

antimony chalcogenides will be completely
transferred to the condensate under the conditions
of distillation processing of polymetallic mattes
performed, as a rule, at 1100-1250 °C and with a
rarefaction of 15 - 0.7 kPa. Separation of antimony
chalcogenides into individual compounds during

distillation is not possible.
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It was established based on the saturated vapor
pressure values for antimony monochalcogenides
and the construction of the boundaries of vapor-
quuid equilibrium in Sb253-5b2563, Sb,Ss-Sbh,Tes and
SbySes-SbyTes systems that antimony
monochalcogenides, as well as solutions of
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LUTEAHAEPAI BAKYYMAbIK-TEPMUAJBIK, KAUTA OHAEY MAFOANBIHAA
CYPME XAJIbKOTEHUATEPIHIH, TAPANYbI

12BonoauH B.H., 'Tpebyxos C.A., 'HuueHko A.B., 'bypabaesa H.M., /IuHHuK K.A.

1 «Memannypaus xaHe KeH 6alibimy uHcmumymei» AK, Combaes yHusepcumemi, Aamamel, Kazakcmax
2 A0ponbiK pusuka uHcmumymel, Aamamel, Kazakcmax

TYRIHAEME

KapuanaHfaH }XymbICTapAafbl }KaHe aBTOP/Iap anfaH HaTUXenepai Tangay HerisiHae 1100-1250
°C Temnepatypaga »aHe Kbicbimabl 15-0,7 KMa AeliH cupeTy KesiHae Ky3ere acblpblnaTtbiH
NoAUMETaNN WTeNHAEepAi BaKyyMablK KalTa eHgey KafaanbiHaa Sb,Ss, Sh.Ses, ShaoTes cypme
XaNbKOreHnATepiHiH, coHaan-aK SbzSs-ShaSes, SbaS3-ShaTes kaHe SbaSes-SbaTes Koc XyienepiHin,
apekerTi MeH Tapanybl Typanbl ekeHgjri
MoHOXaNnbKOreHUATEPAIH, KaHbIKKaH By KbICbiMbl MeJlWepiepiHiH, Herisinge 1100°C kesiHae —
TEXHONOTUANBIK apasblKTbliH, TOMEHTi WeKapacbiHAa 60c cypme cynbduaiHiH, 6y KpicbiMmbl 58,95
KMa-Hbl KyPaWTbIHbI aHbIKTanApl, 6yn WTelHAepAi BaKyymaay KesiHae OHbIH by dasacbiHa TONbIK
aybicaTbiHbIH KepceTedi; 1100°C-ta 60c cypme ceneHugiHiH, 6y KpbicbiMbl aTMochepanbiK

ManimeTTepaiH, JKOK, aHbIKTaNAbI.

Makana kengi: 12 koipKyliek 2022 KbICbIMHBIH, WamacbiHaH acagpl (101,3 kMa) kaHe Bakyympaafrbl ShaoSes TonbiFbimeH by dasacbiHa
CapanTtamagaH eTri: 24 xenmokcaH 2022

Kabbinganapl: 26 kaHmap 2023

eTefi; CyMbIK cypme TeNnypuaiHiH, aTmochepasnbiK KbiCcbiMaarbl KaiHay TemnepaTtypackl 971°C-fa
CaViKecC Kenesi aHe WTelHAepAi Bakyymaay afaaibiHaa on 6y dasacbiHa whiFapbliagsl. Cypme
XaNbKOTeHUATEPiHIH,  6ynaHybIHbIH, cunatTamanapbl  Tabbingpl.  Koc
Xylenepgae cyiibiK xaHe by PpasanapbiHbiH KaTap 601aTbiH ©PICTEpPiHiH, LUeKapacbiH OPHANACTbIPY

TepMmognHaMUKanblK

HerisiHae Ccypme Xa/lbKOreHMATEPiHiH, KOC KyienepiHiH, 6ip 6ynaHy — KoHAEeHcauua LUMKAi
bapbicbiHAA KeKe KocblabicTapFa 6eniH6enTiHi Typanbl KOpbITbIHAbI Kacanapl. SbaSs-SbaSes
JKYWeCiHAE KbICbIMHBIH, aTMochepanbik KpicbiMHaH 0,7 KMa-fa aeliH TemeHaeyi Temnepatypa
6oVblHWA CYMbIKTbIK neH by (L+V) epicTepi weKapanapbiHbIH, KafpaibiH e3repTneidi; SbhoSes-
Sh,Tes sKyieciHae — epicTiH, eHi (L+V) KbiCbiM TOMEHAEreH caibliH asanabl; SbaSes-ShoTes syieciHae
epicTiH, eHi TemnepaTypa 60lblHWA anabiMeH asangpl, CoaaH KeliH ynfaagpl. CoOHbIMeH Katap,
Cypme XanbKoreHuatepi  epiTiHAinepiHiH,  KalHayblHblH,  KWUCbIK  Cbi3blfbiHbIH,  OpHanacybl
aTmocdepasnblK KbiCbiMAA LWUTENHAEPA] AUCTUNNALMANBIK KaiTa eHAey XKaFgaibiHaa (1100-1250°C
TemnepaTtypaza) KocbinbicTapAblH 6y dasacbiHa TO/bIK aybiCaTbiHbIH KepceTesi, by cypme »aHe
CUpEK KesfeceTiH MeTangapablH, — CeNeH MEH TeNNypAblH, KaiTa eHaey eHimaepi 6olbiHWwa
TapanyblH 6aFanay ywiH MaHpI3abl.

TyiliiH ce30ep: cypme, KYKipT, ceneH, Tennyp, XanbKoreHua, Oy KbICbiMbl, BaKyym, LWWTENH,
TEPMOAMHAMMKA, Tapany.
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AHHOTALMUA

Ha ocHOBaHMWM aHanM3a MONYYEHHbIX aBTOpPaMM pPe3yNbTaToB M OnybAMKOBaHHbLIX paboT
YCTaHOB/NIEHO OTCYTCTBME CBEAEHUIN O MOBEAEHWM U pacnpefeNeHun XanbKOreHUAoB CypbMbl
Sh,Ss, ShaSes, Sh.Tes, a TakKe ABONMHbIX cuctem Sb,S3-SbaSes, SbySs-ShaTes n Sh,Ses-ShoTes 8
YCNOBUAX BaKYyMHON nepepaboTKM MNONUMMETANNINYECKUX LUTEMHOB, OCYLECTBAAEMON npu
Temnepatype 1100-1250°C n paspexkeHun 15 — 0,7 kMa. Ha ocHOBaHMM BeNNYUH AaBAeHUA
HaCbILWEHHOro Napa MOHOXaNbKOreHUA0B BbIN0 YCTAaHOBNEHO, YTO AaBneHue napa cBoboAHOro
cynbdunga cypbmbl npu 1100°C — HUMKHEW rpaHULE TEXHONOrMYecKoro uHTepsana 6yaer
COCTaBNATb BenMumHy 58,95 Kla, YTo CBUAETENLCTBYET O ero No/JHOM nepesoae B naposyto dasy
npv BaKyyMWMpOBaHUW LUTEMHOB; AaBneHWe napa cBoboAHOro ceneHnga cypbmbl npu 1100°C
npeBbllLaeT BeANYNHY aTmochepHoro aasnenua (101,3 kMa) n B Bakyyme SbSes nosHocTbio 6ygeT
M3Bne4YeH B napoBylo ¢asy; Temnepatypa KWUMEHUA KUAKOTO Tenaypuaa CcypbMbl Npwu
aTmochepHom aasneHumn coorsetctayeT 971°C 1 B yC/I0BUAX BaKYYyMUPOBAHMUA WTENHOB OH byaeT
n3BneyeH B naposyl ¢a3y. HalgeHbl TepMogMHaMUYECKMEe XapaKTEPUCTUKU UCNapeHus
XaNbKOTeHWAOB CypbMbl. B ABOWMHbIX CMCTEMax Ha OCHOBaHUWM pPasMeLLeHWA TPaHuL, nonewn
COCYLLECTBOBAHMUA KMAKOW W napoBoi a3 caenaH BbIBOA O HEBO3MONKHOCTM pasfaeneHus
[ABOWHbIX CUCTEM XaNbKOreHWUA0B CYpbMbl Ha OTAENbHbIE COEAMHEHMUA B NpoLLecce 04HOro LMKAa
ncnapeHune — KoHgeHcauma. OTMeYeHo pasHoe BAUAHME NOHUMKEHWUA AaBNEHUA HAZ pacniaBamu.
B cucteme Sb,S3-SboSes noHwkeHue pasneHus ot atmocdepHoro go 0,7 klMa He uameHseT
MOJIOXKEHUE FPaHUL, NOAA XMAKOCTU M napa (L+V) no temnepatype; B cucteme ShySs-ShoTes —
LWKMpUHa nona (L+V) ymeHbLIaeTca ¢ NOHUXKeHNeM AaBieHus; B cucteme ShaSes- SboTes — wupuHa
noas no Temnepatype BHayane YyMeHbLUAEeTCs, 3aTem yBeAnYnBaeTcsa. Bmecte ¢ Tem, nonoxeHue
KPWBbIX KUMEHWA PacTBOPOB Xa/IbKOFeHWOB CypbMbl CBUAETENbCTBYET O MOJIHOM MepeBoAe
coegyHeHW B MmapoBylo ¢asy B YCAOBUAX AUCTUANALMOHHON nepepaboTku wTeilHoB (npu
Temnepatypax 1100-1250°C) npu aTmocpepHOM [AaBNeHWW, YTO BaKHO A/1A OLEHKU
pacnpegeneHus cypbmbl U PeAKUX METaIoB — CeNeHa U Telypa No NpoAayKTam nepepaboTku.
Kniouesbie caoea: cypbma, cepa, ceneH, TeNnyp, XaibKoreHna, AasBaeHve napa, Bakyym, LWTEMnH,
TepMOAMHAMUKA, pacnpeaeneHue.
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