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Abstract: The boundaries of liquid and vapor coexistence fields at pressures of 101.3 and 0.133 kPa
were calculated based on the partial vapor pressure values of the components in the Al-Al;Se; and
Al,Ses-Se partial systems. The vapor pressures of the more volatile aluminum selenide and selenium
in the above systems were determined by the isothermal version of the boiling-point method. The
partial pressures of the fewer volatile components were determined by numerical integration of
the Gibbs-Duhem equation. The partial and integral values of the thermodynamic functions of the
formation and evaporation of solutions were calculated based on the values of the partial vapor
pressure of the system components. Based on the analysis of the complete phase diagram, it was
found that the purification of aluminum by vacuum distillation in a single operation can remove
aluminum selenide and selenium at an appropriate rate. The distillation of selenium from melts in
vacuum in the whole concentration range of the Al,Se3-Se system will proceed from the mixture of
the solution with AlySe;3 ¢ryst., with accumulation of the latter in the distillation residue.
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1. Introduction

Due to their electronic and optical properties, selenium, tellurium, and sulfur are
widely used in engineering. For example, the results of studying the physical properties
of the compound BiO,Se showed its applicability as a field-effect transistor and pho-
todetector [1]. Lithium—chalcogen batteries, due to their high power and density, are a
promising alternative to lithium-ion batteries [2]. Palladium diselenide (PdSe;) has impor-
tant anisotropic mechanical and electronic properties. As a result, this compound can be
used, for example, in the photocatalytic production of hydrogen [3] or in the production of
flexible electronics [4]. Sby(S,Se)s, including Sb,S3 and Sb,Ses, has emerged as a promising
new alternative light absorber that can be used in highly efficient photovoltaic devices [5].
It should be noted that ultrapure elements are used to produce such unique materials.
Therefore, the development of cost-effective and environmentally friendly methods for
obtaining chalcogens and their purification from impurity elements is of great importance
for many industries.

Distillation processes in tellurium metallurgy, as a rule, are used at the stage of
obtaining a high-purity element [6,7], while in selenium metallurgy, distillation can be used
already at the stage of processing rough selenium [8-10]. Due to their activity as well as the
proximity of some of their properties, the production of high-purity selenium and tellurium
(6 N+) is associated with the issue of their separation from each other as well as from sulfur.
In industry, this problem is also complicated by the fact that sulfur, selenium, and tellurium
are in the raw materials mixed with a large number of other components [11]. At the same
time, the reasons for the difficulty in separating and obtaining ultrapure chalcogens are not
given. To date, no special studies have been undertaken to explain or solve this problem.
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The number of studies devoted to the physicochemical study of aluminum chalco-
genides in retrospect of seventy years compared to similar compounds of other metals is
very small [12-20], and most of them are related to the aluminum-—tellurium system [21-34].
The study of the Al-Se system thermodynamics is very limited in the scientific literature,
and, as a rule, it takes place along with other chalcogenes such as tellurium and sulfur.

The authors of [22] found the formation heat of aluminum sesquichalcogenides by
directly determining the interaction heat of the metal with chalcogenes in a Bertleau—Roth
microbomb. It is equal to —566.9 &+ 6.3 k] /mol for Al;Se3. A close enthalpy value for Al,Ses
formation (—539.7 + 14.6 k] /mol) based on calorimetric measurements was obtained in [23].
As a result of an approximate calculation made by the authors of [24], the heat of formation
of gaseous Al,Se; at 298 K was determined to be —418.4 k] /mol.

Mass spectrometric studies [25] of the vapor phase composition over aluminum
selenide established the presence of AlSe™, Al,Se™, AIZSezr , and AlSezr ions with low
relative intensity and found the formation enthalpies and entropies of compounds with
this composition at 1292 K. The dissociation energy of AlSe at 1292 K was determined to be
338.9 £ 12.6 k] /mol.

Later, the author of [35] calculated the Al-Se state diagram specified in [21] using the
data from studies [22,25,36,37], where the congruent nature of aluminum sesquiselenide
melting was noted. On the part of Al and Se, non-invariant transformations take place in
the system, the temperatures of which practically coincide with the melting temperatures
of the pure components.

No data on aluminum vapor-liquid equilibrium with chalcogenes, with the exception
of the Al-Te system [33], were found in the publications available to the authors.

The obvious lack of information about the aluminum-selenium system as applied to
selenium purification technologies by physical and physical-chemical methods, including
the vacuum method [10,38,39], is evident from the analysis of the study results stated above.

Nowadays, the most reliable way to determine the possibility of separating a binary
system into elements is by modeling the liquid—vapor phase equilibrium boundaries. The
obtained data make it possible to judge the likelihood of the components’ separation
(the number of cycles “evaporation-condensation” and the composition of the vapor
phase (condensate)) or the absence of it. Because of it, this study aimed to determine the
boundaries of melt and vapor coexistence fields in the aluminum-selenium system at low
pressure, at which, as a rule, selenium is purified from impurities. One of the reasons for
the research statement was the possibility of processing secondary raw materials containing
aluminum and selenium using vacuum distillation.

2. Materials and Methods
2.1. Materials

Alloys (Table 1) synthesized from elemental selenium and aluminum of 99.99 wt. %
purity were used as study objects.

Table 1. Composition of Al-Se alloys.

Alloy Composition, wt. % Alloy Composition, at. %
Alloy Numbers
Se Al Se Al

1 36.13 63.87 16.20 83.80
2 56.58 43.42 30.81 69.19
3 69.95 30.15 44.18 55.82
4 81.45 18.55 60.00 40.00
5 84.66 15.34 65.35 34.65
6 88.17 11.83 71.80 28.20
7 93.98 6.02 84.21 15.79
8 97.23 2.77 92.31 7.69
9 99.07 0.93 97.33 2.67
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Alloys were prepared by slow heating of mixture of initial components in crucibles
based on amorphous carbon, loosely covered with a lid, and placed in a metal retort in
an argon atmosphere at a pressure of 0.5-0.6 MPa. Excessive pressure was necessary to
suppress selenium evaporation during heating. They were heated to 50-100 K above the
temperature at which a homogeneous state in liquid form was reached, and the melt was
kept at this temperature for 15 min. Mixing was carried out spontaneously by convective
flows from more heated crucible walls to its center, which was observed in practice. The
alloy obtained was quenched in water. The crucible with the alloy was weighed upon
completion of the synthesis process. The weight loss was attributed to the evaporated
selenium, and then the components’ mass ratio in the alloy was recalculated, followed by
conversion to atomic percent.

2.2. Calculation Methodology

Studies of systems containing chalcogenes and chalcogenides are complicated due to
the high boiling temperatures of solutions and the difficulty in determining the concen-
tration of components in the vapor phase in equilibrium with the alloy. There is also a
problem with the instrumental design of ebuliometric measurements connected with the
aggressiveness of vapor toward equipment materials. For these reasons, the calculations
are based on the partial pressure values of saturated vapor of the components in the alloy.

The boiling point was determined to be equal to the temperature at which the sum
of the vapor partial pressures of the components of the system is equal to atmospheric
(101.3 kPa) or another pressure corresponding to the conditions of vacuum technologies in
accordance with Dalton’s law. Thus, temperature—concentration dependences of the partial
pressures of elements and compounds are required for the calculation of phase boundaries.

The congruent character of aluminum selenide melting as well as the low relative
intensity of AlSe™, Al,Se™, Al,SeJ, and AlSe; ions in the vapor over molten Al,Se; give
reason to assume the congruent nature of compound vaporization. In this regard, the Al-Se
system can be considered as two partial systems: Al-Al,Se; and Al,Ses-Se.

The vapor phase composition above Al-Al;Se; melts (aluminum (y 4;) and aluminum
selenide (y 4j,s.,) concentrations) and Al,Se3-Se (aluminum selenide (y 4;,s,,) and selenium
(yse) concentrations) at their boiling points was determined by relations (1) and (2), respectively:

vai (Vanse;) [mole fraction] = na; (nalse;)/ (nar +1anse;) = Par (Panse)/ (Par T Panses) @)

YALSe; (Yse) [mole fraction] = nap,se, (nse)/ (Manses +15e) = Par,ses(Pse) / (Pan,se; + Pse) )

where 1.4, 11 41,5.,, and ng, are the number of aluminum, aluminum selenide, and selenium
moles in the vapor phase, respectively; and P4, P 4j,s,,, and Pg, are the partial vapor
pressures of aluminum, aluminum selenide, and selenium, respectively.

The correctness of the determination of the boiling point for solutions (melts) and the
vapor phase composition is confirmed by the authors on the example of the cadmium-
zinc system [40], where the results of direct measurements of the boiling point and vapor
composition [41,42] almost coincided with those obtained by us.

When the pressure reduction effect on the temperature of phase transitions in the
condensed phase was evaluated within one atmosphere, the following was taken into
account: The authors of [33], in the study of the cadmium-lead diagram and the increase in
pressure up to 4 GPa, established the dependence of the liquidus temperature on pressure.
The melting temperature can be decreased by 5.6 x 1072 °C if the pressure changes with
the transition to vacuum; that is, low pressure has almost no effect on the temperature of
phase transitions in condensed systems, and it was not taken into account in the existing
Al-Se diagram supplemented by us with the boundaries of vapor-liquid equilibrium.



Metals 2023, 13, 1297

40f12

2.3. Method for Determination of the Saturated Vapor Pressure Value

An isothermal version of the boiling-point method was used to determine the saturated
vapor pressure value for the components that form the alloy. It included the determination
of the sharp increase moment in the evaporation rate of a component at equal external
pressure and the saturated vapor pressure of the studied component in a constant decrease
in pressure over the melt.

The installation scheme for determining the vapor pressure with the boiling-point
method is shown in Figure 1.

o LA

Ty ®» ®

Figure 1. Scheme of the installation for determining vapor pressure: (1) quartz crucible; (2) quartz
suspension; (3) weight measurement system; (4) pressure measurement system; (5) thermocouple;
(6) electric furnace; (7) leak valve; (8) gas evacuation line; (9) inert gas supply line; (10) shield;
(11) caisson.

The installation is a retort made of two parts: a lower one, placed in an electric
furnace (6) with automatic temperature maintenance; and an upper one, made of quartz
glass. Inside the retort, on a hollow suspension (2), there is a crucible (1) with a sample of
the alloy. Inside the suspension, at the level of the melt in the crucible, there is a junction
for a Pt-PtRh 10 thermocouple (5). A 2HVR-5DM UHL4 vacuum pump (Vacuummash,
Kazan, Russia) was used to create a vacuum in the system. The pressure was measured
with a McLeod manometer with an accuracy of 10 Pa and an M110 aneroid barometer
with an accuracy of £0.13 kPa. Weighing was carried out with an accuracy of +0.1 mg.
The temperature measurement accuracy was £1.5 °C.

The suspension rests on the scales of the mass loss measurement system (3), located
in the upper part of the retort. The parts of the retort are articulated using a rubber seal
removed from the high-temperature zone. The lower and upper parts of the retort are
separated by screens (10) to reduce the heat flow from the high-temperature zone. In
the upper part of the retort, there is a pressure measurement system (4), channels for gas
evacuation (8), filling with argon (9), and exits for the thermocouple ends (5). Systems
for measuring weight loss (3), pressure (4), and temperature (5) have a signal output to a
multipoint potentiometer with measurement records on a chart tape.

The experiment’s procedure was as follows: A sample of alloy (up to 2 g in mass) was
transferred into a crucible suspended in a retort. Gases were evacuated from the retort
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twice with a vacuum pump, and then the retort was filled with argon. After that, the lower
part of the retort was placed in the isothermal zone of the preheated electric furnace. The
retort was heated at an overpressure of 2-5 kPa with an open system of inert gas supply to
suppress the evaporation of the components and compensate for the pressure increase in
the retort due to gas expansion during heating. When the alloy sample reached the specified
temperature, argon was evacuated from the retort volume while maintaining a constant
temperature in the alloy. At the same time, the mass loss of the sample (Am) and the change
in pressure in the system (AP) were synchronously recorded. The pressure of a sharp
increase in mass loss was considered equal to the total vapor pressure of selenium over the
alloy. The determination method and equipment for its implementation are described in
more detail by the authors of [43].

The numerical value of the vapor pressure (P, kPa) was determined through the joint
solution of the equations that describe the dependence of P = f(Am) before (P1) and after
(P) the observed kink on the obtained curve. For example, Figure 2 shows empirical data
obtained at 923 K for alloy 5, which contains 65.35 at. % Se.

60
50
40

30

Pressure, kPa

20

10

0 L 1 1 1 I
0 01 02 03 04 05

Weight loss, g

Figure 2. Changes in mass loss in alloy 5 (65.35 at. % Se) at 923 K with pressure decrease: (1) before
the boiling point; (2) after the boiling point.

In this case, the pressure and mass change in the alloy before the kink of the curve
are related by dependence (3), and after the kink by dependence (4). Here, Am is the mass
loss in g. The combined solution of the equations determined the total vapor pressure for
these conditions to be 29.034 kPa, or 29.03 kPa rounded off. The dependence of mass loss
on pressure decrease at the boiling point may have a less pronounced kink. In this case, the
curve sections adjacent to the kink were approximated by second-order equations.

Py = —730.82Am + 65.575 ©)

Py = —31.109Am + 30.568 4)

The choice of the method for vapor pressure determination using boiling points was
due to its relative simplicity compared to other methods, the acceptable range of saturated
vapor pressures to be determined, and the absence of the need to perform chemical analyses.
In this case, the method’s main advantage is the absence of the need to establish the vapor
composition since the molecular weight is included in the calculations in other ways.

Since the vapor pressure of aluminum selenide (as will be shown below) at the same
temperature is several orders of magnitude higher than that of aluminum, we assumed that



Metals 2023, 13, 1297

6 of 12

the vapor phase over Al-Al;Se; melts is represented only by Al,Se;. Reasoning similarly,
the vapor phase above Al,Se3-Se melts is represented by selenium. The vapor pressure
value of saturated vapor of less volatile components (aluminum in the Al-Al,Se; system and
selenium in the Al,Ses-Se system) was calculated by performing a numerical integration of
the Gibbs-Duhem equation.

Based on the values of the vapor pressure of the components, the activities (4;) of
the components in the alloy and the thermodynamic mixing functions of the system were
calculated. For isobaric-isothermal conditions, the activity of each component making
up the system is related to the partial free Gibbs mixing energy (AG;) by the expression
AG; = —RT1Ina;, on the basis of which differentiation determines the partial change in
the entropy of mixing of the component ((AS;):(0AG;/9T) p= —AS;) and the enthalpy of
mixing ((AH;): AH; = AG; + TAS;).

The partial enthalpy and entropy functions of the evaporation of selenium, aluminum
selenide, and aluminum (AHESZ'( AbSes,Al)r AEEZ‘( Al,Se;, A1) are found by differentiating the
Gibbs partial evaporation energy (ACSE( AbSes,Al) = —~RTINPg, 41,50, 1)) by temperature,
and the integral ones by summing the fractions of the partial functions.

3. Results and Discussion

The vapor pressure values of the components in the partial systems Al-Al,Se; and
Al,Se3-Se, as well as the Arrhenius equation coefficients describing the vapor pressure value
as a function of temperature for each composition, are specified in Tables 2 and 3. Here,
P al,se, and Pg,, marked with “experiment”, are the values of the partial vapor pressure
of aluminum selenide and selenium, respectively, found experimentally; p 4 5., and pg,,
marked with “calculation”, are the values of the partial vapor pressure of aluminum
selenide and selenium, respectively, found by the approximating equation; p 4, is the value
of the partial vapor pressure of aluminum calculated by integrating the Gibbs—-Duhem
equation; (Se) is the content of selenium in the alloy; and A is the relative error.

Table 2. Vapor pressure of aluminum and aluminum selenide in the Al-Al,Se3 system.

(Se), T K PAlse,r kKPa P Inpy,g, =B—A-T1 Al
at. % ’ Experiment  Calculation Calculation, kPa B A %
1.20 6.47
1473 1.20 1.28 9.12 x 1074 6.47
1.47 14.58
16.20 24.455 25,480 R
2.13 5.92
1523 2.27 2.26 1.99 x 1073 0.27
2.40 6.01
1.13 1.16
1423 1.47 1.12 2.70 x 1074 31.60
0.84 24.80
30.81 25.730 26,627 [
3.60 5.64
1523 3.86 3.82 1.32 x 1073 1.18
4.00 4.85
1.33 7.83
1423 1.33 1.44 1.90 x 104 7.83
1.69 17.12
44.18 26.505 27,365 e
5.06 0.78
1523 4.80 5.10 8.71 x 1074 5.88

5.47 7.25
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Table 2. Cont.

(Se), T K ﬁAleEg,’ kPa ?Al lnﬁAleeg, =B—-A.T! IAL
at. % ’ Experiment  Calculation Calculation, kPa B A %o

1373 0.93 0.89 - 4.83

1.33 26.92

1423 2.00 1.82 - 9.65

1.87 2.30

413 16.06

60.00 1473 407 3.56 _ 27.209 29,069 19.80

3.33 6.40

5.60 15.82

1523 6.67 6.65 - 0.23

7.07 6.24

| Al average = 9:42

Table 3. Vapor pressure of selenium and aluminum selenide in the Al;Se3-Se system.

(Se), T K Ps., kPa PALse, Inps, =B —A-T1 IAL,
at. % Experiment  Calculation Calculation, kPa B A %
3.07 1.29
773 3.33 3.11 6.85 x 1078 7.07
2.96 482
65.35 21.811 10,642 -
29.03 0.51
923 28.93 29.18 3.09 x 107> 0.86
28.66 1.78
3.06 2.86
773 347 3.15 6.85 x 1078 10.16
22.93 6.98
71.80 21.750 10,587 -
27.06 7.14
923 28.53 29.14 3.09 x 107> 2.09
32.01 9.85
2.93 5.48
773 347 3.10 6.85 x 1078 11.94
2.93 5.48
84.21 22.887 11,478 -
32.66 5.60
923 36.66 34.60 3.36 x 107° 5.98
34.66 0.17
3.07 0.33
773 3.33 3.06 1.18 x 107 8.11
2.80 8.50
92.31 24.408 12,664 -
42.00 411
923 43.60 43.80 1.78 x 107> 0.46
46.00 5.02
3.33 11.44
773 3.87 3.76 1.30 x 1077 2.93
413 9.84
97.33 25.079 13,022 R ——
58.66 0.89
923 57.46 58.14 1.91 x 10> 1.17
58.26 0.21

| A1 average = 4.78
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The total measurement error is determined as a sum of errors of independent mea-
surements, including temperature (1%), weighing (0.1%), pressure (0.5%), and the ap-
proximation of experimental data in a particular system (9.42% for the Al-Al,Se; system
and 4.78% for the Al,Ses-Se system), which makes 11.02% (Al-Al,Se; system) and 6.38%
(Al»Se3-Se system).

Further, by approximating the dependences of the coefficients in the Arrhenius equa-
tions on the composition, the temperature—concentration dependences of the partial pres-
sures of the components in each particular system were obtained: aluminum selenide and
aluminum in the Al-Al;Se; system at conditions 0 < x4j,5., < 1 and xap,5., + x4 = 1
(Equations (5) and (6)) and selenium and aluminum selenide in the Al,Se3-Se system at
conditions 0 < x5, < 1 and x5, + x41,5.,, = 1 (Equations (7) and (8)), where x 4j,s.,, X1,
and xg, are the mole fractions of aluminum selenide, aluminum, and selenium in the alloy,
respectively. In Equations (5)—(8), the temperature (T) is in K.

NP s, [Pa] = (2.740x’§UZSE3 — 6.986 41,50, —23.787) - T~ ' — 1.53»&112583 +3.933X pl,5e, +24.806 + Inxapse,  (5)

Inp 4 [Pa] = (2.740x%; — 3.974x 4; — 34.090 — 1.506Inx4;) - T~' — 1.53x%, +2.187x 4, +23.516 + 1.873In x4,  (6)

Inpg,[Pa) = (40.694x¢, — 73.307x7%, + 37.592x%, — 7.365x5, — 10.154) - T~ ! — 34.736x¢, 4 56.658x3, )

—17.731x3, — 3.92xg, + 24.526 + In xg,

T g0, [Pa] = (40.694x% 5, —143.728x3 5, +196.039x3 5, — 134.344x )5, +13.306 + 10.674Inx gp,5,,) - T~ ®)

4 3 2
—34.736x% g, +128.601x3 o, —179.602x% o, +120.698x 41,5, — 7.752 — 7.352In x g0,

Based on the temperature—concentration dependences of the partial pressure values
of the components in the Al-Al,Se; and AlySes-Se systems, the boundaries of the liquid
and vapor coexistence fields were calculated and plotted in the state diagram specified
in [21]. A complete state diagram, including liquid—vapor phase transitions at atmospheric
pressure and a vacuum of 133 Pa (shaded), is presented in Figure 3.

t,°C
2520°
v
2000 L+V
115533" L 1514°
A L{133/ Pa)’
+
// ﬁ & a) L4V
7 83°
1000 - “
Y
660.45° ~660° 7 672°
500 - Sy LV (133Pa)
~(Al) < Ll 357°
221 !
(Se) —
o 1 1 l

0 20 40 60 80 100
Al Se, at. % Se

Figure 3. Full diagram of the aluminum-selenium system: [J—boiling points of a certain composition
of alloys and the vapor composition corresponding to this boiling point at atmospheric pressure;
Q—Dboiling points of a certain composition of alloys and the vapor composition corresponding to this

boiling point at a pressure of 133 Pa.
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Considering the position of liquid and vapor coexistence fields at atmospheric pressure
and in a vacuum, it is possible to see that aluminum can be sufficiently purified from
aluminum selenide and selenium in one operation by distillation in vacuum. During the
separation of selenium and aluminum selenide at atmospheric pressure, the coexistence
field for melt and vapor (L + V) is superimposed on the two-phase region (AlS3 ¢ryst. + L),
but this will not cause technological difficulties since the vapor phase will be almost
completely represented by selenium.

Selenium distillation from melts containing crystalline aluminum selenide in a vac-
uum (133 Pa) throughout the entire concentration range of Al2Se3-Se will lead to the
accumulation of Al;Ses crystals in the distillation residue.

From a technological point of view, the purification of selenium from aluminum by
the distillation of chalcogen in vacuum will not cause difficulties.

The values of the thermodynamic functions of the mixing and evaporation of the melt
components are given in Tables 4-7.

Table 4. Changes in the partial and integral enthalpies of mixing in the Al-Se system.

Alloy Composition, at. % AHT™ Amnll:s@r AR AH%I"{ oo

Se Al kJ/mol kJ/mol kJ/mol kJ/mol

0 100 - - 0 0

10 90 - 25.79 £ 2.64 0.83 £ 0.09 523 £ 0.54
20 80 - 18.49 +1.90 3.43 £0.35 8.44 £+ 0.87
30 70 - 11.96 £1.23 8.114+0.83 10.04 +1.03
40 60 - 6.67 £ 0.68 15.55 + 1.59 9.65 £ 0.99
50 50 - 2.73 £0.28 27.79 £2.85 6.91 +0.71
60 40 - 0 - 0

70 30 15.80 + 1.62 - - -

80 20 15.75 £ 1.61 - - -

90 10 3.44 4+ 0.35 10.05 £+ 1.03 - 5.09 + 0.52
100 0 0 - - 0

Table 5. Changes in the partial and integral entropy of mixing in the Al-Se system.

Alloy Composition, i i i )
at. % ASs,, ASLSe,r ASL, ASH 60
J/(mol x K) J/(mol x K) J/(mol x K) J/(mol x K)

Se Al

0 100 - - 0 0

10 90 - 29.06 +2.98 1.99 + 0.20 6.77 £ 0.69
20 80 - 19.64 + 2.01 5.30 &+ 0.54 10.08 + 1.03
30 70 - 12.57 +1.29 10.35 4+ 1.08 1147 +1.18
40 60 - 719 +0.74 1794 + 1.84 10.77 + 1.10
50 50 - 3.09 £0.32 30.65 + 3.14 7.69 £ 0.79
60 40 - 0 - 0

70 30 24.74 - - -

80 20 24.74 - - -

90 10 8.70 13.28 - 9.85
100 0 0 - - 0

Analyzing the dependences of thermodynamic quantities on the compositions of
the alloys, it can be seen that the integral mixing functions of the liquid alloys in the
aluminum-aluminum selenide system have a positive maximum; the formation of the
alloys is accompanied by an increase in disorder in the system and is associated with heat
absorption. The extremum of the integral mixing entropy reaches 11.47 4= 1.18 J /(mol x K)
at a selenium concentration of 30 at. % and mixing enthalpies of —10.04 & 1.03 k] /mol for
the same alloy composition. The partial enthalpy of mixing aluminum and its selenide has
a noticeable positive value, which indicates the absence of particle interaction.
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Table 6. Changes in partial and integral evaporation entropies of the Al-Se system.
Alloy Composition, . . .
at. % ASs,, AS AL Sess ASap, ASYT_ser
J/(mol x K) J/(mol x K) J/(mol x K) J/(mol x K)

Se Al

0 100 - - 105.15+10.78  105.15 £ 10.78
10 90 - 100.64 +10.32  103.16 +10.57  102.74 +10.53
20 80 - 110.75 + 11.35 99.85 £ 10.23 103.48 £ 10.61
30 70 - 117.82 £+ 12.08 94.80 +9.72 106.31 + 10.90
40 60 - 123.20 +12.63 87.21 +8.94 111.21 4+ 11.40
50 50 - 127.31 +13.05 74.50 + 7.64 118.49 £+ 12.14
60 40 - 130.39 + 13.36 - 130.39 + 13.36
70 30 94.96 £ 6.08 - - -

80 20 104.85 £ 6.71 - - -

90 10 10795+ 691  117.11 £7.50 - 100.50 + 6.43
100 0 110.34 + 7.06 - - 110.34 + 7.06

Table 7. Changes in the partial and integral enthalpies of evaporation of the Al-Se system.

Alloy Composition, e, . oo
at. % Ser AHpj,5e50 AH,j, AHGY s,/
kJ/mol kJ/mol kJ/mol kJ/mol

Se Al

0 100 - - 293.69 £ 30.10 293.69 + 30.10
10 90 - 206.84 £+ 21.20 292.86 £ 30.02 278.49 + 28.55
20 80 - 214.59 £ 22.00 290.27 £ 29.75 265.07 £ 27.17
30 70 - 221.12 £ 22.66 285.58 £+ 19.27 253.35 £ 25.97
40 60 - 226.38 £ 23.20 278.14 £+ 28.51 243.62 £ 24.97
50 50 - 230.35 £ 23.61 265.91 £ 27.26 236.29 £ 24.22
60 40 - 233.08 + 23.89 - 233.08 £ 23.89
70 30 85.60 + 5.48 - - -

80 20 85.60 + 5.48 - - -

90 10 94.96 + 6.08 117.11 £ 7.50 - 100.50 + 6.43
100 0 110.34 4+ 7.06 - - 110.34 + 7.06

The thermodynamic functions in the Al,Se; —Se system are determined fragmentally
due to the presence of an extensive field of a selenium-based liquid alloy and the presence
of crystalline aluminum selenide. The formation of liquid alloys in the Se-Al system is
accompanied by an increase in disorder in the system and is associated with the absorption
of heat.

4. Conclusions

Insufficient information (or a lack of it) about the vapor-liquid equilibrium in the
aluminum-selenium system enabling us to judge the possibility of separating melts
into their components was found based on the analysis of the study results in the pub-
lished works.

We determined the partial vapor pressure values for the Al-Al;Se; and AlySe3-Se
systems in particular and presented them as temperature—concentration dependences. Then,
based on these temperature—concentration dependences, the boundaries of the liquid and
vapor coexistence fields were calculated and plotted in an Al-Se state diagram. Coexistence
fields were calculated at atmospheric pressure and in a vacuum of 133 Pa, which are the
conditions at which, as a rule, the elements’ distillation refining is implemented.

Based on the values of the partial vapor pressure of the components of the aluminum-
selenium system, the partial and integral values of the thermodynamic functions of the
formation and evaporation of the solutions were also calculated. It was shown that the
extremum of the integral entropy of mixing reaches a value of 11.47 £ 1.18 J/(mol x K),
and the enthalpy of mixing is 10.04 & 1.03 k] /mol. Based on the analysis of the complete
phase diagram, including the condensed and vapor phases, the following is established:
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—  Refining aluminum from the impurity of selenium, which will be in the melt in the
form of aluminum selenide, will not cause technological difficulties since the vapor
phase will be mainly represented by the compound Al,Ses;

— Refining selenium from aluminum impurities by distillation from the melt will be
accompanied by the accumulation of aluminum selenide in the distillation residue,
and the vapor phase will be represented by selenium;

— The field of coexistence of liquid solutions and the vapor phase in the aluminum
selenide-selenium system on the state diagram, at both atmospheric and reduced
pressure, is superimposed on the two-phase field of coexistence of liquid melts and
crystalline aluminum selenide; however, this will not cause technological difficulties.

There are no technological difficulties in the distillation purification of aluminum from
selenium and selenium from aluminum impurities in the form of chalcogenide.
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