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THERMODYNAMICS OF FORMATION AND EVAPORATION OF TELLURIUM
SULFUR MELTS

Abstract: Based on the values of sulfur and tellurium activity in melts, calculated as the ratio of the partial values of the saturated vapor
pressure over the solution to the vapor pressure over the pure element, represented by the temperature-concentration dependences,
the thermodynamic mixing functions are determined: enthalpy and entropy in the form of concentration dependences. The system is
distinguished by an alternating deviation from the law of ideal solutions: negative in the range of alloys rich in tellurium and positive for
solutions with a sulfur content of more than 40 at. %. Thermodynamic constants were calculated for two concentration intervals of the
system: 0 - 45 at. % S (100 - 55 at.% Te) and 45 - 100 at. % S (55 - 0 at.% Te), the error of determination was 9.69 %. The visualization
of changes in the partial thermodynamic functions of formation indicates a complex molecular composition of the melts. The calculated
melting constant of the tellurium-sulfur melts, taking into account the a priori information on the molecular composition of sulfur and
tellurium, suggested a complex composition of the vapor phase formed by polymers, varying with the concentration of the elements. The
thermodynamic constants of formation and evaporation of liquid solutions of tellurium and sulfur obtained by concentration dependences

can be used in thermodynamic calculations and supplement the physicochemical data base of these elements.
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Introduction. In distillation technologies for
cleaning chalcogenes: sulfur, selenium and tellu-
rium, there is the problem of isolating one of the
elements in pure form in the presence of others,
due to their distribution by processing products.
The answer to some questions about the causes of
technological difficulties can be the thermodynam-
ic constants of formation and evaporation of binary
melts of elements. Moreover, if the number of sim-
ilar studies for the Se-S and Se-Te melting systems
is limited by our publications [1, 2] and the paper
[3], then information on the mixing and evapora-
tion functions of liquid tellurium-sulfur alloys is
absent, relevance of the work.

The purpose of this paper was to determine the
thermodynamic functions of the liquid and vapor
phases in the selenium-sulfur system on the basis of
the partial vapor pressures determined by us.

Method of calculation. Results and discussion.
The thermodynamic mixing functions are determined
based on the activities of the constituent alloys (a,),
defined as the ratio of the vapor pressure of the com-
ponent above the solution (p) to the vapor pressure
over the pure component ( p; ): a;, = p;/ p;.

For isobaric-isothermal conditions, the thermo-
dynamic activity of each component constituting the

system is related to the partial free Gibbs mixing en-
ergy (ﬂ.é) by the expression: AG"“= RT In a, on
the basis of which the partial change in the mixing
entropy of the component (Ai) was determined by
differentiation:

( 5Aamlr

J » , and further the change
in the partial enthalpy of mixing (Aﬁimix~):

Aﬁimix. — Aaimix +TAA§lmm
Integral functions (AF,")are calculated as the

sum of fractions of partial quantities: (X - F,mm) :
AFP5 = Z(xf. F")

Thermodynamic evaporation functions are found
on the basis of the dependence of the partial free en-
ergy of evaporation (AF,) of the component on its
partial pressure (p,) over alloys: AE =—RTInp,
[4, 5]. Further, the partial entropy and enthalpy of evapo-
ration are defined similarly to the mixing functions

Mixing functions. In connection with the com-
plexity of approximating the entire data set by the
partial pressure of the saturated vapor of the elements,
the dependences of the latter were found for concen-
tration intervals of 0 - 45 at. % S (100 - 55 at. % Te)
and 45 - 100 at. % S (55 - 0 at. % Te).
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Correspondingly, the activity (a,) for alloys con-
taining 0 - 45 at. % S and 100 - 55 at.% Te is repre-
sented by a dependence:

Inas = (-34715x; + 22063x; + 23200x, —10548)-
T+ 43,632x) —25,221x7 —32,729x, + 14,318 +
+Inxg.

b

The activity of tellurium (a,) —
Ina,, =(34715x,, —134155x;, +200983x,, —101543
-36818Inx,,)- T~ — 43,632x;, +171,123x,, —
—259,075x,, + 131,584 + 48,725In x,,.

Here and below: x and x,, are atomic fractions of sul-
fur and tellurium in the alloy; T is the temperature, K.

Above alloys with a concentration of 45 - 100 at. %
S and 55 - 0 at. % Te dependencies of the activities of
the elements have the form:

Inag = (4668x3 —7336x2 + 748x, +1920)- 7' —
—7,818x¢ +21,375x} —27,349x] + 20,767 x —
~ 6,975+ In x

and
Ina,, =(-4668x;, +13670x;, —13416x,, + 4414 +
+80Inx,, ) - 7" -7,818x;, +20,321x;, —24,978x;, +
+21,342x,, — 8,867 — 0,078 In x,,.

The total measurement error is defined as the sum
of the errors of the independent measurements: tem-
perature - 1 %, weighing - 0.1 %, pressure 0.5 %, ap-
proximation of the experimental data - 8.09 %, equal
to 9.69 %, which indicates a considerable scatter of
the experimental data, characteristic of chalcogenes
and chalcogenides [6].

The system is distinguished by an alternating de-
viation from Raoult’s law: a weak negative for alloys
with a content of less than ~ 40 at. % sulfur, and a
strong positive above the specified concentration. [7].
The temperature dependence of activity (activity co-
efficient) is not significant.

On the basis of the above dependences, the partial
free energy of mixing sulfur and tellurium was calcu-
lated for the concentration interval 0 - 45 at. % S (100
- 55 at. % Te), and, accordingly, the partial enthalpy
of sulfur mixing:

AH ™ =-288621x; +183432x] +192885x, —
— 87696, J/mole

partial entropy of sulfur mixing:

AS{™ =-362,756x; + 209,687 x5 +272,109x; —
—272,109x, —119,04-8,314In x, J/(mol * K)
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Similarly, the partial enthalpy of mixing tellurium:

AH "™ = 288621x), —1115365x2 + 1670973x,, —
— 844229 -306105Inx,,, J/mole

partial entropy of selenium mixing:

AS!"™ =362,756x], —1422,717x;, +2153,95x,, —
—-1093,989 — 405,11n x,,, J/(mol * K).

For the concentration range 45 - 100 at. % S
(55 - 0 at.% Te) the mixing functions have the form:
AH ™ =38810x; —60992x + 6219x +
+15963, J/mole
AS!™ = 64,999x3 —177,712x3 +227,38x2 —
—172,657x¢ + 57,99 -8,3141n x4, J/(mol « K).
AH™ =-38810x>, +113652x2 —111540x,, +
+36698 + 665In x,,, J/mole
AS"™ = 64,999x; —168,949x;, +207,667x7,
~177,437x,, + 73,72+ 0,648 In x,,, J/(mol * K).

The numerical values of the partial and integral
mixing functions are given in Tables 1, 2.

Table 1 - Influence of the alloy composition on enthalpy of mixing
in the Te-S system

Composition of Partial Partial enthalpy Integral
alloy, at. fraction | enthalpy of of tellurium enthalpy of
sulfur | tellurium | sulfur mixing, mixing, mixing, kJ/mol
kJ/mol kJ/mol
0 1 - 0 0
0,1 0,9 -66,86+6,48 | -1,14+0,11 -7,72+0,75
0,2 0,8 -44,09+4,27 | -5,21+0,50 -12,98+1,26
0,3 0,7 -21,114£2,04 | -12,90+1,25 -15,36+1,49
0,4 0,6 0,34+0,03 -24,47+2 37 -14,55+1,41
0,5 0,5 8,68+0,84 4,03+0,39 6,35+0,61
0,6 0,4 6,12+0,59 7,17+0,69 6,54+0,63
0,7 0,3 3,74+0,36 11,62+1,12 6,10+0,59
0,8 0,2 1,77+0,17 17,56+1,70 4,93+0,48
0,9 0,1 0,45+0,04 25,1142,43 2,92+0,28
1 0 0 - 0

The formation of alloys based on tellurium goes
with the release of heat - exothermic and accom-
panied by some ordering - the entropy of mixing is
negative. For alloys of the sulfur edge of the state di-
agram, a positive value of the enthalpy and entropy
of formation is characteristic, which indicates some
instability of the solutions. The course of the curves
with a change in the concentration of the components
in the system indicates a complex character of inter-
particle interactions. The minimum of the functions
corresponds to ~ 40 at. % of sulfur in tellurium.
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Table 2 - Influence of the alloy composition on the entropy of mixing
in the Te-S system

Composition of Partial Partial entropy | Integral entropy
alloy, at. fraction | entropy of of tellurium | of mixing, J/(mol
sulfur | tellurium | sulfur mixing, | mixing, J/(mol * K)
J/(mol « K) * K)
0 1 - 0 0
0,1 0,9 -70,9546,87 | -0,70+0,07 -7,73%0,75
0,2 0,8 -45,75+4,43 | -5,24+0,51 -13,34+1,29
0,3 0,7 -18,32+1,77 | -14,44+1,40 -15,61+1,51
0,4 0,6 7,75+0,75 -28,51+2,76 -14,01+1,36
0,5 0,5 16,12+1,56 | 19,41+1,88 17,77+1,72
0,6 0,4 10,54+1,02 | 26,23+2,54 16,81+1,63
0,7 0,3 6,16+0,60 34,36+3,33 14,62+1,42
0,8 0,2 2,88+0,28 44,25+4,29 11,15+1,08
0,9 0,1 0,75+0,07 56,40+5,46 6,3210,61
1 0 0 - 0

Evaporation functions. The value of the partial
pressure of saturated sulfur vapor (p,) for alloys con-
taining 0 - 45 at. % S and 100 - 55 at.% Te, from the
work [8] was transformed by us into a dependence:

In pg[atm]=(-34715x; +22062x; +23200x —
-19354). 7' + 43,632.1{; I 25,221)(; -32,729x +
+26,865+Inx,,

partial pressure of saturated vapor of tellurium (p,,) -

In p,, [atm] = (34715}, —134155x2, + 200983 x,, —
115851-368181Inx,,)- T~ - 43,632x;, +171,123x2 —
259,075x,, +142,919 + 48,725 In x,, .

Above alloys with a concentration of 45 - 100 at. %
S and 55 - 0 at. % Te pressure dependences of the sat-
urated vapor of the elements have the form:

In p [atm] = (4668x] —7336x2 + 748x, — 6886)-
ST =7,818x} +21,375x —27,349x] + 20,767 x +
+ 5,572+ Inx;

and
In p, [atm] = (—4668x., +13670x7, —13416x,,—9894
+80Inx,,)-T™"' - 7,818x;, +20,321x;, —24,978x7, +
+21,342x,, +2,468-0,0781In x,,.

On the basis of the partial values of the saturat-
ed vapor pressure, partial values of the free energy
of evaporation of chalcogenes are calculated, on the
basis of which the partial thermodynamic evaporation
functions are determined from known relationships.

For the concentration interval 0 - 45 at. % S and
100 - 55 at.%. % Te:

AH ™ = 28862 1x; —183432x; —192885x +
+160909, J/mole

AE;"""" =362,756% — 209,687 x; —272,109x, +
+223,35+8,314Inxg, J/(mol « K)

AH ™ =-288621x;, +1115365x;, —1670973x,,+
+963185+3061051Inx,,, J/mole

AT = 362,756, +1422,717x2 - 2153,95x,, +
+1188,145+405,121Inx,,, J/(mol + K).

For alloys with a concentration of 45 - 100 at. % S
and 55 - 0 at. % Te:
Aﬁ;""”" =-3881 Ox; + 60992x_§ —6219x, +

+57250, J/mole

ASE = —64,999x5 +177,7123% —227,38x2 +
+172,657x +46,326+ 8,314 1In x,, J/(mol * K)

AH&=38810x3,~113652x>,+111541x , + 82259

—665Inx,,, J/mole

AS;P = -64,999x;, +168,949x;, — 207,667 x, +
+177,342x,, +20,519-0,648In x,,, J/(mol * K).

e

The numerical values of the partial and integral
evaporation functions are given in Tables 3, 4.

Table 3 - Influence of the alloy composition on enthalpy of
evaporation in the Te-S system

Composition of Partial Partial enthalpy Integral
alloy, at. fraction enthalpy of evaporation | enthalpy of
sulfur |tellurium of sulfur of tellurium, kJ/ | evaporation,
evaporation, mol kJ/mol
kJ/mol
0 1 - 118,96+11,53 |118,96+11,53
0,1 0,9 140,07+13,57 | 120.10+11,64 |122,10+11,83
0,2 0,8 117,30+11,37 | 124,16+12,03 |122,79+11,90
0,3 0,7 94,33+9,14 | 131,86+12,78 |120,60+11,69
04 0,6 72,88+7,06 | 143,42+13,90 |115,20+11,16
0,5 0,5 64,54+6,25 | 114,93x11,14 | 89,74+8,69
0,6 0,4 67,09+6,50 | 111,78+10,83 | 84,96+8,23
0,7 0,3 69,47+6,73 | 107,34+10,40 | 80,83+7,83
0,8 0,2 71,4416,92 101,4049,82 | 77,437,50
0,9 0,1 72,76%7,05 93,85+9,09 74,87+7,25
1 0 73,217,09 73,21+7,09
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Table 4 - Influence of the alloy composition on entropy of evaporation
in the Te-S system

Composition of Partial Partial entropy | Integral entropy
alloy, at. fraction entropy of evaporation | of evaporation,
. of sulfur of tellurium, J/ J/(mol « K)
sulfur | tellurium evaporation, (mol + K)
J/(mol « K)

0 1 - 94,16+9,12 94,16+9,12
0,1 0,9 175,27+£16,98| 94,86+9,19 102,90+9,97
0,2 0,8 150,07+14,54| 99,39+9,63 109,52+10,61
0,3 0,7 122,64+11,88| 108,59+10,52 | 112,80+10,93
0,4 0,6 96,56+9,36 | 80,58+7,81 86,97+8,43
0,5 0,5 88,20+8,55 | 74,79+7,25 81,50+7,90
0,6 0,4 93,78+9,09 | 67,98+6,59 83,46+8,09
0,7 0,3 98,15+9,51 | 59,8645,80 86,67+8,40
0,8 0,2 101,4449,83 | 49,98+4,84 91,15+8,83
0,9 0,1 103,57+£10,04| 37,83+3,66 96,9949,40

1 0 104,32+10,11 - 104,32+10,11

The integral enthalpy of evaporation increases
insignificantly for liquid solutions of the tellurium
edge of the phase diagram and is expected to decrease
sharply with increasing sulfur concentration in the
melt. The change in entropy of evaporation has two
extremes, which indicates a complex composition of
the vapor phase, apparently represented by polymer
molecules, as well as the effect of the melt compo-
sition on the evaporation process. The latter requires
additional investigation.

Conclusions. The partial thermodynamic forma-
tion functions found on the basis of the activity of
sulfur and tellurium in the melt indicate a complex
molecular composition of the melts. The calculated
melting constants of the tellurium-sulfur system, as
well as a priori information on the molecular compo-
sition of sulfur and tellurium [8-10], suggest a com-
plex composition of the vapor phase, which varies
with the concentration of the elements. The constants
obtained and represented by the concentration depen-
dences can be used in thermodynamic calculations
and supplement the physicochemical data base of
these elements.
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DPuU3NKO-XUMUUYECKUE UCCIeSOBAHUA

TYWHOEME

KykipT xoHe Tennyp 6ankbiManapbiHfarbl 6encenfi wamanap Herisi, kaHblkkaH Oy KbICbIMbl Napumank Wwamachk! peTiHae ecenTenreH,
SIFHU Ta3a anemMeHTke GarinaHbICTbl By KblCbIMbIHBIH epIiTIHAICI KapacTbIpbinabl, oflap Temnepatypa KOHLUEHTpaumsnbl TayenainikrepmeH
KepceTinreH, TepMoAvHaMuKanblk apanactbipy YHKUMSNapbl aHblkTangbl: KOHUEHTpauusanbl Toyenainik TypiHAeri SHTanbnusi xsHe
aHTponusa. XyieHi naean epitiHainep 3aHbiHaH alHbIManbl TaHbanbl aybITKynap epekwenengipesi: Tepic TennypmeH 6ai kopbiTnanap
canacblHaa xaHe oH 40 aT. % actam KypanfaH KykipT KypamblHaH TypaTbiH epiTiHAinep YyLwiH. TepmMoavHaMuKanblK TypakTbinap eki
KOHLEeHTpaLmsAnbl MHTepBanbaap xyineciHe ecentenreH: 0 — 45 at. % S(100 — 55 at. % Te) xaHe 45 — 100 at. % S( 55 — 0 at. % Te),
aHblkTanFaH kateniri 9,69 % kypagbl. KykipT xeHe TennypablH KaHblkkaH 6y nopLmanbabl KbICbIM LiaMackl HEFi3iHAEHAE ana oTbIpbIn CyMbIK
KopbiTnanapablH, GynaHybl SHTanbNWs XaHe IHTPONUA MarFbliHanapbl TENNyp-KykipT GankbiManapbl GovibiHLWA ecenTenreH xoHe onap
KOHLIEHTpauuanbl Tayenainik TypiHae YCbiHbINFaH. bankeiMaHbiH Kypaeni monekynansik Kypambl Typanbl nopuvanbii TepMoagnHamuKanbl
YHKLMSAHBIH, KanbinTacybl BU3yanabl e3repictep KyanaHaplpaabl. Tennyp-KykipT xyienepiHiH OynaHy G6ankbiManapbiHaarsl ecenTenreH
TypaKTbInap, KYKipT KeHe Ternnyp Monekynspnbl Kypambl Typarnbl anpuopsibl aknapatTbl eckepe OTbIpbin, KOHLEHTPaLUMsnbl aNeMeHTTep
GoviblHIWA e3repdi, monvmepriepAeH KypamnfaH Oynbl dhasaHblH Kypaeni kypam 6GonybiHa 6Gomkay 6Gepingi. TepMoamHamwukanblk
TypaKTbinapAblH KanbinTacybl anblHFaH KOHLEHTpauusnbl Toyenginikrep TypiHOe >XoHe Tennyp MeH KYKIpTTiH CyMblK epiTiHginepaiH
OynaHybl TepMoAMHaMuKanblk ecenteynepae kongaHbic Tabybl MyMKiH, uU3nKa-xuMusnblk 6azaga ocbl aNeMeHTTEPMEH TOMbIKTbIpynap
Xacayra 6onagbl.

TyitiH ce3nep: kykipT, Tennyp, 6enceHainik, 6ankbiTna, aHTanbMWs, SHTPONWs, apanacy, oynaHy.

PE3IOME

Ha ocHOBaHWM BeNUYMH aKTUBHOCTEW Cepbl U TENIypa B pacnnaBax, paCCYMTaHHbIX Kak OTHOLLEeHMe napupanbHbIX BENWYUH AaBNEHNSs
HacbILLEHHOro Napa Haf, pacTBOPOM K AABMEHMIO Napa Haf YMCTbIM 3MEMEHTOM, NPeacTaBneHHbIX TeMnepaTypHO-KOHLEHTPaLMOHHBIMW
3aBUCUMOCTSIMU, OnpefeneHbl TepMoaHaMmuyeckne OYHKLMN CMELLEHUS: SHTANbMUA U SHTPONUS B BUAE KOHLEHTPALMOHHbIX 3aBUCUMO-
cTtenn. Cuctemy oTnmnyaeT 3HaKonepeMeHHOe OTKIMOHEHWE OT 3aKoHa aearnbHbIX PacTBOPOB: OTpULIATENBHOE B 06NacTu crnnasoB 6oratkix
TENnypom v nonoxuTenbHoe Ans pacTBOPOB C copepxaHnem cepbl 6onee 40 aT. %. TepmoaMHaMMUYeCcKMe KOHCTaHTbl pacCuUTaHbl Ans
ABYX KOHLEHTPaLMOHHbIX MHTepBanoB cuctemMbl: 0 —45 at. % S (100 — 55 at. % Te) n 45 — 100 a1. % S ( 55 — 0 at. % Te), norpeLHoOCTb
onpegenexus coctasuna 9,69 %. Buayanusauma nameHeHns napumanbHbiXx TePMOANHAMUYECKUX PYHKLUMIA 0Opa3oBaHus cBuaeTeNb-
CTBYIOT O CITOXXHOM MOJIEKYIISIPHOM COCTaBe pacnnaBoB. PaccuvTaHHble KOHCTaHTbl UCNApeHNs pPacnnaBoB CUCTEMbI TENIYpP-cepa, C yye-
TOM anpuopHON MHOPMaLIMM O MOMEKYNSIPHOM COCTaBe Cepbl 1 Tenmnypa, NO3BONWNY Npeanonaratb CrNOXHbIA cCOCTaB NapoBoi asbl,
06pa3oBaHHbIN MONMMEpPaMK, U3MEHSIILNINCS C KOHLUEHTpauven anemMeHToB. [onyyeHHble 1 NpeacTaBneHHble KOHLEHTPaLMOHHBLIMU
3aBMCUMOCTSIMW TEPMOAMHAMMYECKNE KOHCTaHTbl 06pPa3oBaHWA 1 UCNAPEHNs XWUAKUX pacTBOPOB Tennypa U cepbl MOryT ObITb MCMONB30-
BaHbl B TEPMOAMHAMWNYECKMX pacyeTax 1 NononHuTb 6a3y MU3NKO-XMMUYECKUX AaHHBIX 3TUX IEMEHTOB.

KnioueBble cnoBa: cepa, TeNnyp, akTMBHOCTb, KOHLEHTPaLWsi, pacrnas, SHTasbMu1si, SHTPOMNUs, CMELLEHWE, UCTapeHne
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XUMMU3M OBXHUTA HIVTAMA OTBAJIOB XOBY-AKCbI

Pe3tome: Hapsgy ¢ npupofHbiMu SiBNEHUSIMU (BYTIKAHUYECKUE U3BEPXKEHNS, rei3epbl, TepMarnbHble UCTOMHWKA U Ap.), 3arps3HsoLLMMm
MbILLIbSIKCOAEPXKALLUMMI  MPOAYKTaMM OKpYXalollyl cpefy, Mo WMelLlleics B nuTepaType [AaHHbIM aHTPOMOreHHblE WUCTOYHUKU
noctaensitoT B nutocdepy A0 9,4:-10* T Mbllbsika B rof B BUAE 3KOJOMMYECKM OMacHbIX OTBaslbHbIX 0TxodoB [1]. M3 Hux Gonee 90 %
COCTaBMSAT MblLUbSKCOAEPKALLME OTBarIbHbIE OTXOAbl LIBETHON MEeTanmyprum, BKIYasi OTX04bl HEMOCPEACTBEHHO MeTarypriuyeckmx
nepepnenos (A0 ~30 %) C KOHLEeHTpauusamMn Mbllbsika B npefdenax Ao ~12 %. Ocobyo onacHOCTb 3arpsi3HEHUsI OKpY>KatoLLEe cpeabl Npu
3TOM BbI3bIBAOT MblLLbSIKCOAEPXKALLME OTBAMbI CTApPbIX 3aKPbIThIX MPOU3BOACTB, NPAKTUYeCkn 6ecxo3HbIX. KOHTPOMb COCTOSIHMS OTBanoB,
Kak npaBwuro, CHUXeH nnu BoobLue He BeaéTcs. K o6bektam nogobHoro poga MoryT 6biTb OTHECEHBI OTBarbl LWaMoB X0BY-AKChl ObIBLLEFO
KoMbBuHaTa TyBakobansT Co cpefHUM coaepXaHnem Mblllbsika B npeaenax 4,5-5,0 %. B cBaA3W ¢ 3TMM NpeacTaBnsoTcs 3ro60aHEBHBIMU
BOMpPOCHI Mo npobrnemMe NMKBUAaLMM OTBANIOB U UCMOMNb30BaHUS UX B KAYECTBE BTOPUYHOIO Chipbsi. [103TOMY, nccrnenoBaHusi Npobrnemsl
BbIBOZA MbILLUbsIKA U3 LINTAMOBBIX OTBArIOB Y BO3MOXHOCTb MEepeBofa Mblllbsika U NoflyYyaembixX NMpoAyKTOB AeapCeHn3aLmmn B TOBapHYH
NpoAYyKUMIO NPeACTaBnsoT Kak HayYHbIA, Tak U MpakTU4eCcKMin HTepec. B pamkax uccnenoBaHuii aToi NpobnemMsl NnpoBedeHHas pabota
NnocBsiLLeHa XMMU3my obxura Lunama oTeanoB XoBy-AKcCbl ObiBLIEro kombrHaTa TyBakobansT, B YaCTHOCTU, TEPMOAMHAMUYECKOMY acnekTy
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