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SATURATED VAPOR PRESSURE OF TELLURIUM AND SULFUR OVER THEIR MELTS

Abstract: Saturated sulfur vapor pressure over its melts with tellurium was determined using the boiling point method and represented
by temperature-concentration dependences for alloys containing 0 — 45 at. % S (100 — 55 at. % Te) and 45 - 100 at. % S (55 -0 at. %
Te). Due to a large difference in saturated vapor pressure values of sulfur and tellurium, the total pressure over melts was taken equal to
the partial pressure of sulfur. The partial vapor pressure of tellurium was determined for the specified concentration ranges by numerical
integration of the Gibbs-Duhem equation with the mean error of 9.69 %. Based on the total vapor pressure, the boiling points for tellurium-
sulfur system were determined, and the boundaries for liquid melts on the temperature-dependent phase diagram were identified: the
liquidus curve is below, and the boiling temperature curve is above. The system demonstrates an alternating-sign deviation of activities
from the ideal solutions rule, where the negative deviation is in the area of alloys rich in tellurium and the positive is in the area of solutions
rich in sulfur (> 50 at. %). The dependence of the total vapor pressure of selenium and tellurium on the composition shows no extrema in
the area of liquid solutions, indicating that there is no constant boiling mixture, i.e. an azeotrope. Taking this fact and the large difference
in the vapor pressure of the components into account, we see no technological difficulties in the system separation into elements by

distillation.
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Introduction. Distillation technologies of chalcogen
(sulfur, selenium and tellurium) purification face the
problem of isolating one of the elements in pure form in
the presence of the other two. When obtaining high-pu-
rity elements, the elements are distributed by derivative
products. Prior to the present studies, there was no ex-
planation for the technological difficulties in the distil-
lation refining of one of the chalcogenes. Previously, we
found that this is due to the narrow temperature range
of coexistence of the melt and the vapor in the binary
selenium-sulfur system [1, 2] and due to the existence
of an azeotrope in the case of tellurium-selenium system
[3, 4]. In spite of our attempts, no similar study of the
tellurium-sulfur system was found in the literature.

In the theory of the distillatory refining of element,
it is important to determine the melt-vapor phase tran-
sition boundaries on the basis of experimental vapor
pressure of elements, which is the reason for the pres-
ent study of the tellurium-sulfur system.

Experimental part. Results and discus-
sion. The tellurium-sulfur system is represent-
ed by an eutectic-type diagram having a limited
region of solid solutions [5]. Eutectic tempera-
ture is 109 °C with a sulfur content of 98.6 at. %.
The change of the temperature of the liquidus
curve from tellurium to sulfur is about 100 °C
in the concentration range 0 - 80 at. % S with a sharp
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decrease to the eutectic point for melts containing
more than 80 at.%. S, indicating that the state of melts
is close to aliquation.

Taking into account tellurium melting (449.57 °C
[5]) and sulfur boiling temperatures (429 °C [2]) at
atmospheric pressure, a narrow temperature range of
the existence of liquid alloys is expected, that was
taken into consideration when choosing the range (of
temperatures) in experiments on saturated vapor pres-
sure determination.

When considering the sulfur vapor pressure at
temperatures above the liquidus curve, the applica-
tion of the boiling point method is viable [6]. In view
of the fact that the saturated sulfur vapor pressure at
its boiling point (429 °C) is 8.5-10° times higher than
the tellurium vapor pressure, it is taken that the vapor
phase is represented only by sulfur.

The vapor composition over sulfur is represented
by molecules, where the number of atoms varies from
2 to 8 [1, 2, 6, 7]. Moreover, the ratio of polymers in
the vapor phase depends on temperature. Taking this
into account we used the boiling point method [8] to
determine directly the total contribution of the partial
pressure values of different molecules. This method al-
lows to exclude from consideration a molecular weight
of the vapor introducing an error when calculating the
values of the partial pressure of the sulfur vapor.
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The sulfur vapor pressure was determined by the
boiling point method (isothermal method) for alloys,
whose composition is given in Table 1.

Table 1 — Composition of tellurium-sulfur alloys.

Alloy Alloy composition, Alloy composition,
Number atom %: wt. %:
sulfur tellurium sulfur tellurium
Alloy No. 1 15 85 4.24 95.76
Alloy No. 2 30 70 9.72 90.28
Alloy No. 3 45 55 17.05 82.95
Alloy No. 4 60 40 27.37 72.63
Alloy No. 5 80 20 50.13 49.87

A high-purity tellurium and sulfur with a content
of the main element of not less than 99.99 wt. % were
used to prepare alloys. A certain amount of sulfur
and tellurium were placed into a quartz vessel, the
air was evacuated to 13 Pa and sealed. Vessel with
ingredients were kept at 500 °C for 24 hours, followed
by tempering in water.

Since the vapor pressure in coordinates In p — T
represents a linear dependence, the measurements are
also performed for the boundary temperatures.

Data on the sulfur vapor pressure are approximated
by a formal temperature-concentration polynomial
dependence. Saturated tellurium vapor partial pressure
(p,,) over its melts with sulfur was determined by the
numerical integration of the Gibbs-Duhem equation
using the auxiliary function proposed by Darken [8]
as:Pr. = P Y " Xp, where Y 1. is determined from
the expression:

_lnYS Xg Xp,

ll'l'Y = S

x  Inyg
x%e " J-xs =4 (1 —Xp )2
Here and elsewhere: Pr. — saturated tellurium vapor
pressure; ¥ 7 — tellurium activity coefficient; X5 and
X, —a content of sulfur and tellurium in the alloy,
atomic fraction.

Due to the complexity of the entire data array
approximation, the dependences of sulfur and
tellurium vapor partial pressures for concentration
ranges of 0 - 45 at. % S (100 — 55 at. % Te) and
45—-100 at. % S (55 — 0 at. % Te) were determined.

The value of the partial pressure of saturated sulfur
vapor (p,) for alloys containing 0 - 45 at. % S and 100
- 55 at. %. Te is given by the dependence:

Inp[[la]= (-34715x3 +22062x2 +23200x —
—19354)- T~ +43,632x3 —25,221x2 —
—32,729x +38391 +In x,

Partial pressure of saturated tellurium vapor -
Inp,, [lla]= (34715x;e - 134155xﬁe +200983x,, —

—115851-36818Inx,, ) T —

Here and elsewhere: T — temperature, K.

Pressure dependences of the saturated vapor of
elements above alloys with the concentration of 45 -
100 at. % S and 55 - 0 at.%. Te, have the form:

Inpg[a]= (4668x3 —7336x2 +748x; —6886)-T" —
—7.818x¢ +21,375x; —27,349x; +

+20,767x5 +17,098 +In x,

and

In p,, [[la] = (—4668x3, +13670x2, —13416x,, —
—9894 +80Inx,,)-T~' —7.818x), +20,321x;, —
—24978x), +21,342x;, +13,994-0,078In x,, .

Experimental and calculated values of saturated

sulfur vapor pressure with the accuracy of
measurements are given in Table 2.

Table 2 — Sulfur vapor pressure over melts of the tellurium-sulfur
system

Alloy compo- Sulfur vapor|  Sulfur
Exper- sition, Tem- pressure vapor
iment at. %: pera- experimen- | pressure Er;ror,
No. ture, tal, KPa |calculated, %
S Te K
KPa
1 0.23 0.23 0
2 0.26 0.23 +13.04
3 100 0 473 0.22 0.23 -4.35
4 0.25 0.23 +8.69
5 0.22 0.23 -4.35
6 23.83 20.71 +15.06
7 21.41 20.71 +3.38
8 100 0 623 20.54 20.71 -0.82
9 18.7 20.71 -9.71
10 19.52 20.71 -5.74
11 20.62 20.63 -0.05
12 80 20 623 21.45 20.63 +3.97
13 19.79 20.63 -4.07
14 75.99 83.09 -8.54
15 80 20 693 87.99 83.09 +5.90
16 30.66 28.43 +7.84
17 32.00 28.43 +12.56
18 60 40 643 28.66 28.43 +0.81
19 31.33 28.43 +10.20
20 76.00 70.31 +8,-9
21 60 40 693 69.33 70.31 -1.39
22 70.66 70.31 +0.50
23 43.28 33.75 +28.24
24 45 55 673 26.66 33.75 -21.01
25 36.00 33.75 +6.67
26 89.32 73.77 +21.08
27 76.94 73.77 +4.30
28 89.32 73.77 +21.08
29 45 55 723 70.66 73.77 -4.21
30 82.66 73.77 +12.05
31 83.99 73.77 +13.85
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32 2015 2003 | +0.60
33 |30 | 70 | 693 | 19.71 2003 | -1.60
34 20.21 20.03 | +0.90
35 39.70 39.50 | +0.51
36 | 30| 70 | 723 [ 3683 3950 | 6.76
37 4217 39.50 | +6.76
38 8.00 667 | +19.94
39 | | 8 | 698 45 667 | -10.04
40 | 15 | 85 | 723 | 18.03 16.87 | +6.88
41 19.60 16.87 | +16.18
[As [=8.09

A total error, as a sum of the independent measure-
ment errors, is equal to 9.69 % with contributions from:
temperature — 1 %, weighing — 0.1 %, pressure — 0.5 %
and experimental data approximation — 8.09 %.

A relatively large variation of the experimental
data observed is typical of all chalcogenes and chal-
cogenides, as noted by the authors [9].

The values of sulfur and tellurium vapor partial
pressures were used to determine the melting point of
melts. At this temperature the sum of partial pressures
of the elements is equal to the atmospheric pressure.
For sulfur concentration in the alloy in the range of
5-100 at. % the boiling point corresponds to the de-
pendence:
byoiting [ C1= 261x% —451x] +342x2 - 277x, +554-

The area corresponding to the liquid solutions and
limited by the liquidus curve from below and by the
boiling point of the alloys from above, is plotted on
the tellurium-sulfur state diagram [5] as shown in
Figure 1 (shaded).
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Figure 1 - The field of liquid solutions
on the tellurium-sulfur state diagram.

The change in the partial and total vapor pressures
over tellurium and sulfur in the area of liquid solutions
and a change in the concentration of the elements at
temperatures 698 and 723 K (425 and 450 °C) are
shown in Figure 2. The total saturated vapor pressure
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above melts practically coincides with saturated
sulfur vapor partial pressure, and the vapor pressure
of tellurium is not significant.

The absence of extrema in the fragmentary curves
(cf. Figure 2) of the dependence of total vapor
pressure on the composition of melts indicates no
constant boiling liquid in the system and a possibility
of system separation into elements by distillation.
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1, 3 — sulfur vapor partial pressure of ; 2, 4 — total pressure of components;
temperature: 1,2 - 698 K; 3, 4 —-723 K

Figure 2 — Dependence of partial (1, 3) and total (2, 4) vapor
pressures on composition

Thermodynamic activity for the area of liquid
solutions was determined as the ratio of the partial
pressure of the tellurium or sulfur vapor to the
saturated vapor pressure over a pure element. Since
the melt area is limited by temperature the activities
are determined fragmentarily (Figure 3) for isothermal
sections of the liquid region.
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Temperature, °C (K): 1, 4 — 400 (673); 2, 5 — 425 (698); 3, 6 — 450 (723);
diagonal straight lines — in perfect condition

Figure 3 — Change in the activity of sulfur (1-3) and tellurium (4-6)
in the Te-S system



The system demonstrates an alternating-sign
deviation from the Raoult’s law: a slightly negative for
alloys with a content of less than ~ 40 at. % of sulfur,
and a significantly positive — above the specified
concentration. The latter indicates a tendency of the
system for separation in liquid state. Upon increase
in temperature the system regardless of the sign of
deviation tends to an ideal state, but the activity
(activity coefficient) dependence on temperature is
weak.

Conclusions. Saturated sulfur vapor pressure
over its melts with tellurium was determined
using the boiling point method and represented by
temperature-concentration dependences. Since the
saturated sulfur vapor pressure at its boiling point
(429 °C) is 8.5-10° times higher than the tellurium
vapor pressure, the total pressure was taken equal
to sulfur partial pressure. The partial vapor pressure
of tellurium was determined by the numerical
integration of the Gibbs-Duhem equation with the
mean error of 9.69 %.

Based on the total wvapor pressure, the
boiling points for tellurium-sulfur system were
determined, and the boundaries for liquid melts
were identified on the temperature-dependent
phase diagram: the liquidus curve is below,
and the boiling temperature curve is above.
The system demonstrates an alternating-sign
deviation of activities from the ideal solutions
rule, where the negative deviation is in the area
of alloys rich in tellurium and the positive is in
the area of solutions rich in sulfur (> 50 at. %).
The dependence of the total vapor pressure
of selenium and tellurium on the composition
shows no extrema in the area of liquid solutions,
indicating that there is no an azeotrope. Taking
this fact and the large difference in the vapor
pressure of the components into account, we
see no technological difficulties in the system
separation into elements by distillation.
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TYWIHOEME

KaviHay HykTenepi agici apkbinbl Kypambl 0 — 45 at. % S(100 — 55 aT1. % Te) xaHe 45 — 100 at. % S (55 — 0 at. % Te) kypanTbiH
GankbiManap yLwiH TemnepaTtypa-KoHLUEHTpauMsanblK Toyenainik TypiHAe YCbIHbIFaH TEMNYP MeH KYKIipTTiH 6ankbiManapablH YCTiHAEr
KaHblkkaH OybIHbIH KbICbIMbl aHblKTangbl. Tennyp MeH KyKipTTiH KaHblkkaH Oy KblCbIMAapbiHbIH, ©reMAepiHiH antTapnbikTak ynkeH
anbipMaLLbINbIFbIHBIH, CangapbiH 3epTTeyae KyKipTTiH napuuangbl KbiCbiMbl COMManbl KbiCbIMFa TEH, AereH >xopaman kabblngaHfaH.
TennypgbliH napumangbl 6y KbiCbIMbl KOPCETINreH KOHLEHTpauMsAnblk apanbikTbl [M66c-[ioreM TeHaeyiH caHAblK MHTerpangay apkbiibl
Tabbinabl. Onweyain optawa kateniri 9,69 %-abl Kypaabl. KUbIHTbIK Oy KbICbIMbIHBIH, HETI3IHAE TeNnmyp-KYKipT )XyMeCiHiH 6ankbiManapbiHbIH
KalHay TemnepaTypachl aHblKTanapbl XaHe Temnepartypara bannaHbICTbl Ky AvarpaMMachkiHga cyiblk 6ankbiManapably, anabTapbiHbiH
Luekapanapbl aHblkTangpl: acTblHAa IMKBUAYC Cbi3blfbl, an YCTIHAE - KUCbIK kaiHay Temnepatypachl. XKyrneHi MiHCi3 epiTiHginep 3aHblHaH
6enceHainikTepiHiy 6enriayblCybIHbIH aybITKynapblMeH epekiieneHeqi: Tennypra 6an 6ankbimanapblH, ayMmarbiHAa TEPIC XaHe Kypambl
50 aT. %-TeH aca KykipT 6onatbliH epiTiHAInep ywiH oH. CynbIK epiTiHAINepAiH TipLWinik eTy aymarbiHAaFbl KypaMHaH CeneH XaHe Tennyp
XMBIHTBIK Oy KblCbIMbIHA Toyenginirinaeakctpumymaap barikanmvaraH, 6yn 6eniHben kamHamTbiH CyMbIKTBIK - a3€0TPONThI Kocnanapabli
YKOKTbIFbIHA, KOMMOHEHTTEP By KbICbIMAAPbIHbIH, ©rLeMAEPiHiH YIKEH aibipMaLlbIfbIfbl MEH XYAEHi anemMeHTKe AUCTUNNAUMAnbIK 6enyaiH
TEXHOMOTUANbIK KNbIHALIKTAPbIH ECKEPE OTbIPbINKYanik eTei.

Tywnin cespep: KykipT, Tennyp, Oy KblCbiMbl, KOHLUEHTpauus, GankpiMa, Ky guarpammachl, NIMKBUAYC, KanHay TemnepaTtypacshl,
6enceHainik, AMCTUNNSALMS.

PE3IOME

MeTogom Touek KuMeHus onpedeneHo AaBreHve HacblWeHHOro napa cepbl Haf pacnnaBaMu ee C TennypoM, npefcTaBrieHHoe
TemnepaTypHO-KOHLIEHTPaLMOHHBIMU 3aBUCUMOCTAMM ANs crnnaeos, cogepxawmx 0 —45 at. % S (100 — 55 at. % Te) n45-100 at. % S
(55—0at. % Te). B uccnegosanum BcrieacTeme Becbma 601bLLION pasHLbl B BENUYMHAX AaBMEHUIA HACbILLEHHOro napa cepbl 1 Tennypa
NPUHATO AOMYLLEHWE O TOM, YTO CyMMapHOe AaBneHne Haf pacnnaBaMy COOTBETCTBYET napumanbHOMy AaBneHuto cepbl. MNapunansHoe
AaBrieHne napa Tennypa HaaeHo AN ykasdaHHbIX KOHLEHTPALMOHHbBIX MHTEPBANoB Y/CNEHHbIM MHTErpUpoBaHMeM ypaBHeHus mb6ca-
[iorema. CpefHsas norpeLlHoCcTb n3mepeHunii coctasuna 9,69 %. Ha ocHoBaHWM cyMMapHOro AaBrneHus napa onpeaeneHbl Temnepatyphbl
KMMEHWNs CNnaBoB CUCTEMbI TENIYP — Cepa W onpeaeneHbl rpaHunLibl MO XUAKAX pacniaBoB Ha AuarpamMmMe COCTOSHWSA No TemnepaType:
CHM3Y NMUHUS NUKBMAYCA, CBEPXY — KPUBasi TeMnepaTypbl kuneHusi. CUcTemMy OTNMYaeT 3HakonepeMeHHoe OTKIOHEHUe akTUBHOCTEN OT
3aKOHa MAearnbHbIX PacTBOPOB: OTpULaTENbHOE B 06racTu cnnaBoB 6oratbix TENYPOM M NMOSIOXKUTENBHOE S paCTBOPOB C COAEPKaHNeM
6onee 50 aT. % cepbl. Ha 3aBMCMMOCTV CyMMapHOro AaBneHus napa cerneHa v Tensypa OT cocTaBa B Mone CyLeCTBOBaHUS XUAKNX
pacTBOPOB HE OTMEYEHO IKCTPEMYMOB, YTO CBMAETENLCTBYET 00 OTCYTCTBUM HepasaerbHO KUMSALLEN XUOKOCTUN — a3e0TPOMHON CMecH, U,
C y4eToM 60mbLIOV Pa3HuLbl B BENUYMHAX AaBrieHWsi Napa KOMMNOHEHTOB, TEXHOMOTMYECKUX 3aTPyAHEHUI AVCTUNNALMOHHOIO pasaeneHns
CUCTEMbI Ha 3NEMEHTbI.

KnioueBble crioBa: cepa, Tennyp, [AaereHve napa, KOHUEeHTpauwWsi, pacnnas, Avarpamma COCTOsiHUS, NMUKBMIYC, Temneparypa
KUMEHUS, aKTUBHOCTb, AUCTUMIALMA
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