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Abstract

Crude antimony containing 8–9 wt.% sodium and, in some cases, up to 25–26 wt.% sodium
is obtained during the carbothermic reduction of sodium antimonate through crucible
smelting. The boundaries of vapour–liquid equilibrium on the Sb–Na phase diagram were
constructed to assess the possibility of using distillation processes to refine crude antimony
from sodium. The boundaries of the liquid–vapour phase transitions were calculated at
atmospheric pressure and under vacuum conditions (133 Pa). The presence of the incongru-
ently evaporating compound Na3Sb makes it possible to divide the binary Sb–Na system
into two quasi-binary systems: Sb–Na3Sb and Na3Sb–Na. In this study, we established
that the separation of antimony and sodium (the Sb–Na3Sb system) using distillation at
atmospheric pressure is technically difficult because of the high boiling temperatures of the
melts in the Sb–Na3Sb system (1635–2617 ◦C) and the very narrow temperature range of the
vapour–liquid equilibrium field under vacuum. Molten sodium and trisodium antimonide
(the Na3Sb–Na system) can be separated both at atmospheric pressure and under vacuum
when the sodium concentration in antimony exceeds 90 at.% Na (approximately 63 wt.%).
However, the first case requires temperatures of up to 1570 ◦C, whereas vacuum conditions
require a temperature of approximately 600 ◦C. Under these conditions, the vapour phase
will consist of almost pure sodium, while antimony will accumulate in the still residue
in the form of Na3Sb. In this paper, we also present calculated thermodynamic functions,
namely, the entropies and enthalpies of mixing and evaporation of antimony–sodium melts,
which will supplement the existing database of physicochemical data.

Keywords: sodium; antimony; trisodium antimonide; vapour pressure; vapour–liquid
equilibrium; enthalpy; entropy

1. Introduction
Experts predict that antimony, which belongs to the group of relatively rare metals,

will become one of the most scarce by the middle of the century [1,2]. To address this
concern, the authors of recent studies have focused on the recovery of antimony from
industrial by-products of metallurgical production, in particular, sodium antimonate [3–8],
which is generated during antimony extraction in the process of refining crude lead [9].

Carbothermic reduction is, from a technical standpoint, the simplest process for extract-
ing antimony from this raw material. However, the highly reducing atmosphere produces
crude antimony with a sodium content of up to 8–9 wt.%; in some cases, when smelt-
ing is performed in closed graphite crucibles, the sodium content of antimony can reach
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25–26 wt.%. Therefore, refining crude antimony to remove sodium impurities presents a
major challenge.

A vacuum distillation process may represent one potential method to separate such a
system into metals, since the saturated vapour pressures of antimony and sodium at the
boiling point of the latter (1166 K) differ by two orders of magnitude, 379 and 101,325 Pa,
respectively [10]. Such separation can be assessed theoretically based on the positions of the
vapour–liquid equilibrium boundaries on the phase diagram of the Sb–Na system. The boil-
ing temperatures of alloys and the corresponding vapour-phase compositions, which repre-
sent the phase-transition boundaries, are calculated for molten metallic systems based on
vapour-pressure values above melts of different compositions. Temperature–concentration
dependences of the partial saturated vapour pressures of the components are used to
determine these boundaries. No such dependences have been found for the antimony–
sodium system.

Relatively few research groups have conducted thermodynamic investigations of
the antimony–sodium system over the past century, as evidenced by the following
works [11–20]. In some studies [14,18], the authors determined sodium activities by measur-
ing the electromotive forces of concentration cells. These activities can be used to calculate
the partial saturated vapour pressure of sodium and the thermodynamic functions of
formation of intermetallic compounds. In another study [13], the authors determined the
vapour pressure using a Knudsen effusion cell. The above works are characterised by
very low thermodynamic activity values, indicating interaction between sodium particles
and antimony. The method of recording polarisation curves in pulsed galvanostatic mode
was employed in [17] to determine the thermodynamic properties of sodium–antimony
compounds formed from the pure components.

In a previous study [20], the Sb–Na binary system was optimised based on published
experimental data, including thermochemical properties and phase equilibrium. A very
significant deviation from the law of ideal solutions and a sharp change in the curvature of
the liquidus line around the Na3Sb intermetallic compound were noted.

Data published to date remain insufficient to calculate the boundaries of the liquid–vapour
phase transition. In this regard, based on the available experimental data, we determined poly-
nomial dependencies for the activity coefficients of antimony and sodium over the entire range
of component concentrations. We subsequently determined the temperature–concentration de-
pendencies of the partial vapour pressures of antimony and sodium to establish the boundaries
of the liquid–vapour (L + V) field and calculate the thermodynamic functions of formation and
evaporation of liquid alloys in the Sb–Na system.

2. Calculation Methods
The boiling temperature of alloys was taken as the temperature at which the total

saturated vapour pressure of the components of the binary system is equal to atmospheric
pressure (101,325 Pa) or another pressure (0.133–2.667 kPa) assumed for a technological
vacuum process. We determined the composition of the vapour phase, namely, the concen-
trations of sodium yNa and antimony ySb over the melts at the boiling temperature of a melt
with a specified component ratio, as the ratio of the partial pressure of sodium or antimony
to the total vapour pressure over the melt: yNa(Sb)[mole f action] = pNa(Sb)/(pNa + pSb),
where pNa is the partial vapour pressure of sodium, Pa, and pSb is the partial vapour
pressure of antimony, Pa.

To calculate the temperature–concentration dependence of the partial vapour pressure
of sodium on the alloy composition, experimental data from studies [14,20] were used. The
calculation methodology was as follows. As the temperature dependence of the vapour
pressure in the ln pNa − T−1 coordinates is linear, the values of the partial vapour pressures
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of saturated sodium vapour in alloys of the same concentration at different temperatures
were described using the following equation: ln pNa = B + A × T−1. Thereafter, the
values of coefficients A and B for each alloy were approximated using polynomial function
of the sodium concentration in the original alloy. As a result, an empirical temperature–
concentration relationship for the sodium vapour pressure ln pNa = f (T, xNa) was obtained,
depending on its concentration in the alloy. Here, T is the temperature, K, and xNa is the
mole fraction of sodium in the alloy.

The partial vapour pressure of antimony over an antimony–sodium alloy was deter-
mined as follows: pSb = po

Sb × aSb = po
Sb × γSb × xSb, where po

Sb is the saturated vapour
pressure over elemental antimony; aSb is the activity of antimony in the alloy; γSb is the
activity coefficient of antimony; and xSb is the concentration of antimony in the alloy, equal
to xSb = 1 − xNa.

The activity coefficient of antimony was calculated by numerical integration
of the Gibbs–Duhem equation using the auxiliary function αNa = ln γNa/x2

Sb pro-
posed by Darken [21]. After transformation [22] and substitution into the equation

ln γSb = −
ln γNa at xNa∫︁

ln γNa at xNa=1

xNa
xSb

d ln γNa, this function relates ln γNa and ln γSb in a form conve-

nient for numerical integration: ln γSb = − ln γNa × xNa × xSb

x2
Sb

+
∫︁ xNa

xNa=0
ln γNa

(1 − xNa)
2 dxNa.

The vapour pressures of the components of the quasi-binary systems (i and j) identified
during the study were calculated in a similar manner.

The energy functions of alloy formation were determined from the following de-
pendence: ∆GM

i(j) = RT ln ai(j), where ∆GM
i(j) is the partial Gibbs energy of mixing of

components i and j; ai(j) is the thermodynamic activity of components i and j in their alloys.
ai(j) was determined as the ratio of the partial pressure of components i and j over the
alloy to the vapour pressure over the pure element or compound at the same tempera-
ture: ai(j) = pi(j)/po

i(j). Based on this dependence, the partial entropy of mixing of the

alloy (∆SM
i(j)):

(︃
∂∆GM

i(j)
∂T

)︃
P
= −∆SM

i(j) was determined, followed by the enthalpy of mixing

(∆HM
i(j)): ∆HM

i(j) = ∆GM
i() + T × ∆SM

i(j).
We calculated the integral values of the entropy and enthalpy of mixing by summing

the fractional contributions of the partial functions in the initial alloy: ∆SM
i−j = xi∆SM

i +

xj∆SM
j and ∆HM

i−j = xi∆HM
i + xj∆HM

j .
The partial evaporation functions were determined according to the following rela-

tionship: ∆GV
i(j) = −RT ln pi(j), where ∆GV

i(j) is the partial Gibbs energy of evaporation

of components i and j. Hence,
(︃

∂∆GV
i(j)

∂T

)︃
P
= −∆SV

i(j), ∆HV
i(j) = ∆GV

i(j) + T × ∆SV
i(j), where

∆SV
i(j) and ∆HV

i(j) are the partial values of the entropy and enthalpy of evaporation of
components i and j.

We calculated the integral thermodynamic functions of evaporation of the quasi-binary
systems in the same manner as the corresponding functions during solution formation.

3. Results and Discussion
The experimental data from previous work [14] in the range 0 < xNa < 0.5 were used

to calculate the partial pressure values of sodium, with minor adjustment to the activity
values at sodium concentrations approaching zero. This adjustment was necessary because,
at xNa = 0, the sodium activities at 850 K and 950 K were 3.02 × 10−6 and 7.26 × 10−6,
respectively, whereas they should be identical and equal to zero.

https://doi.org/10.3390/met16091036

https://doi.org/10.3390/met16091036


Metals 2026, 16, 1036 4 of 12

In addition, based on the optimised data from previous work [20], the Gibbs free
energy of formation of Na3Sb at 900 K was found to be –46.5 kJ/mol. When an intermetallic
compound is present in a binary system, the activities of the first and second components
intersect at one point, and the composition of the alloy at this point corresponds to the
stoichiometry of the intermetallic compound, as occurs, for example, in ref. [23] for the
Sb–Mg system. This approach makes it possible to calculate the activity of sodium at
xNa = 0.75: ∆GM

Na−Sb = xNa × ∆GM
Na + x × ∆GM

Sb = RT(0.75 ln aNa + 0.25 ln aSb). At the
point of intersection, where aNa = aSb = a and ∆GM

Na−Sb = RT ln a = 46, 500 J/mol, the
sodium activities were determined to be 1.39 × 10−4 at 850 K and 2.77 × 10−3 at 950 K.
These values made it possible to accurately describe sodium activities over the entire
concentration range of the Na–Sb system.

When sodium activities were approximated by polynomials, followed by determina-
tion of the activity coefficients of antimony and the values of the partial vapour pressures
of sodium and antimony, the latter were described using the following expressions:

ln pNa[Pa] = (109, 983x4
Na − 209, 808x3

Na + 109, 039x2
Na + 613xNa − 22, 011)× T−1 − 23.42x4

Na+

+59.859x3
Na − 21.248x2

Na − 17.679xNa + 24.463 + ln xNa
(1)

ln pSb[Pa] = (109, 983x4
Sb − 376, 768x3

Sb + 484, 699x2
Sb − 308, 225xSb + 73, 556 + 29, 199 ln xSb)× T−1−

−23.42x4
Sb + 65.048x3

Sb − 32.922x2
Sb − 61.34xSb + 72.942 + 26.722 ln xSb

(2)

The activity values determined in experiments [14,18] and calculated by our group
using the approximating dependencies are presented in Table 1.

From the data presented in Table 1, it is clear that the values obtained by approximation
differ from the experimental data only in the fourth or fifth decimal place, indicating a
fairly accurate agreement.

Based on Equations (1) and (2), the boiling temperatures of alloys of the antimony–
sodium system and the vapour-phase composition corresponding to each temperature
were calculated, as shown in Figure 1.

Table 1. The experimental and calculated values of sodium activity in the sodium–antimony system.

Na Content
in the Alloy,

at.%

The Activity Values of Sodium at Temperature, K:

850 [14] 950 [14] 850 [20] 950 [20] 850
[Calculated]

950
[Calculated]

10 6.48 × 10−6 1.64 × 10−5 - - 5.14 × 10−6 1.54 × 10−5

20 1.50 × 10−5 3.70 × 10−5 - - 1.48 × 10−5 3.46 × 10−5

30 3.46 × 10−5 8.36 × 10−5 - - 4.91 × 10−5 8.68 × 10−5

40 7.99 × 10−5 1.89 × 10−4 - - 1.34 × 10−4 1.89 × 10−4

50 1.84 × 10−4 4.26 × 10−4 - - 2.65 × 10−4 3.24 × 10−4

75 - - 1.39 × 10−4 2.77 × 10−4 7.30 × 10−4 9.06 × 10−4

Analysis of the positions of the curves at atmospheric pressure and under vacuum
(2.667 kPa) across the alloy compositions in the phase diagram reveals maxima of the boil-
ing temperatures and the corresponding vapour-phase compositions, which correspond
approximately to the stoichiometric composition of the intermetallic compound Na3Sb,
namely, 78.1 at.% and 75.7 at.%, respectively. The peak-shaped boiling temperature curves
do not correspond to those for azeotropic mixtures, which exhibit smooth curvature at
the azeotropic point. The activity values of sodium and antimony exhibit a significant
deviation from the law of ideal solutions, which indicates a very strong interaction between
the components of the alloy and, indirectly, the presence of the Na3Sb compound. Fur-
thermore, the activities of antimony and sodium are close to zero near the composition
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corresponding to the stoichiometry of the intermetallic compound (Figure 2). The activity
curves of antimony show a noticeable change in the curvature of the lines at a sodium
concentration corresponding to the NaSb compound, which may also indicate the presence
of an antimony–sodium compound.

Figure 1. Curves of alloy boiling temperatures and vapour composition over the alloys in the Sb–Na
system according to experimental data.

 

Figure 2. Activities of antimony (3–4) and sodium (1–2) at 850 K (1–3) and 950 K (2–4) based on
experimental data.

Temperature peaks at 2080 ◦C and 1230 ◦C are a characteristic features of a congruently
evaporating compound that divides the binary phase diagram into two quasi-binary
systems, as is the case, for example, in ref. [24]. Therefore, the peaks of the boiling curves
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of the alloys—2080 ◦C at atmospheric pressure and 1230 ◦C at 2.667 kPa—can be attributed
to the sublimation points of crystalline Na3Sb. This observation is consistent with the fact
that the experiments were performed at temperatures of 850–950 K (577–677 ◦C), which
are below the melting point of the compound, 856 ◦C (1129 K). The deviation in the peak
compositions is due to experimental errors, the approximation of the results, and their
extrapolation to the high-temperature region.

The availability of data of two temperatures and the corresponding vapour-pressure
values, in addition to the linear dependence of vapour pressure in the coordinates
ln po S

Na3Sb − T−1 made it possible to express the sublimation pressure of Na3Sb as follows:
ln po S

Na3Sb[Pa] = 17.958− 15, 134×T−1, where po S
Na3Sb is the sublimation pressure of the inter-

metallic compound. The sublimation enthalpy was therefore found to be 125.8 kJ/mol, the
sublimation entropy 53.5 J/(mol × K), and the sublimation temperature 2353 K (2080 ◦C).

The vapour pressure over the liquid compound was determined as follows. The
vapour pressure of evaporation and the sublimation pressure at the melting point of
the compound (1129 K) are equal: ln po S

Na3Sb[Pa] = 17.958 − 15, 134 × T−1 = ln po V
Na3Sb,

where ln po V
Na3Sb is the saturated vapour pressure of the compound over liquid al-

loys. Since the enthalpies of evaporation and sublimation are related by the equation:
∆HV

Na3Sb = ∆HS
Na3Sb − ∆Hm

Na3Sb [21] (p. 41) (where ∆HV
Na3Sb is the enthalpy of evapora-

tion; ∆HS
Na3Sb is the enthalpy of sublimation; ∆Hm

Na3Sb is the enthalpy of melting of the
intermetallic compound), and coefficient A in the ln po V

Na3Sb[Pa] = B − A × T−1 equa-
tion is related to the enthalpy of evaporation by the dependence A = ∆HV

Na3Sb/8.3143,
the evaporation vapour pressure of Na3Sb was calculated and expressed as follows:
ln po V

Na3Sb[Pa] = 15.997 − 12, 920 × T−1. The value of the enthalpy of melting of Na3Sb
was taken from [15] and was taken as ∆Hm

Na3Sb = 18.4 kJ/mol.
The enthalpy of evaporation, determined based on the vapour-pressure dependence

over the liquid intermetallic compound, is 107.4 kJ/mol; the entropy is 37.2 J/(mol × K);
and the boiling temperature is 2890 K (2617 ◦C).

The low value of the entropy of evaporation, 37.2 J/(mol × K), indicates, in accordance
with Trouton’s rule, the presence of associated antimony and sodium species in the vapour
phase, which in turn indirectly confirms the congruent evaporation of Na3Sb.

Based on extensive previous research on the behaviour of components in molten
systems, including those containing intermetallic compounds, it was assumed that the
activity of antimony in the liquid Sb–Na3Sb system and that of sodium in the Na3Sb–Na
system remained equal to those in the antimony–sodium system. The partial saturated
vapour pressures of the components in the quasi-binary systems were calculated. Based on
these results, the boundaries of the liquid–vapour phase transition—above which Sb–Na
melts, at atmospheric pressure (101.3 kPa) and a pressure of 0.133 kPa—were determined
(Figure 3).

The simplest process for extracting antimony from the specified raw material is carboth-
ermic reduction. Because of the highly reducing atmosphere, crude antimony is obtained
with a sodium content of up to 8–9 wt.% (31.5–34.4 at.% in the Sb–Na binary system); in
some cases, the sodium content in antimony can reach 26 wt.% (65.0 at.%). Therefore,
refining the crude antimony to remove sodium impurities presents a major challenge.

The sodium contents given above, namely, 8–9 wt.% (31.5–34.4 at.%), and, in some
cases, 26 wt.% (65.0 at.%) in crude antimony, demonstrate that sodium is associated with
antimony in the form of Na3Sb.

The boiling temperature of trisodium antimonide and its alloys with antimony at atmo-
spheric pressure is very high, making boiling under conventional metallurgical production
conditions impractical.
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The separation of antimony and Na3Sb by distillation under these conditions cannot
be achieved using conventional methods. In addition, the vapour above the melts of
the Sb–Na3Sb system contains both Sb and Na3Sb in comparable amounts. Thus, at a
sodium content of 15 at.% (3.2 wt.%) in the alloy, the vapour phase under equilibrium
conditions will contain 4.1 at.% (0.8 wt.%) sodium in combination with Na3Sb. Under actual
operating conditions, namely, in a dynamic evaporation mode, the sodium content present
as trisodium antimonide in the vapour phase will be higher than the specified content.

 

Figure 3. Complete phase diagram of the antimony–sodium system.

Reducing the pressure over the alloy to 133 Pa makes the distillation process possible at
moderate temperatures of 813–891 ◦C. However, the liquid–vapour coexistence field is very
narrow in terms of temperature and does not exceed 135 ◦C at a sodium content of 50 at.%
in the alloy. This narrow temperature range requires numerous distillation–condensation
cycles to separate antimony and Na3Sb. This limitation is illustrated by the distillation of an
alloy containing 67.5 at.% Na under vacuum. At a boiling point of 889 ◦C, the equilibrium
condensate has a sodium concentration of 64.2 at.% Na. Under actual operating conditions,
the degree of separation will be even lower.

The separation of molten sodium and trisodium antimonide is possible both at at-
mospheric pressure and under vacuum at a sodium concentration of more than 90 at.%
(approximately 63 wt.%). However, the former requires temperatures of up to 1570 ◦C,
whereas vacuum conditions require a temperature of approximately 600 ◦C. Under these
conditions, the vapour phase will consist of almost pure sodium, while antimony will
accumulate in the still residue in the form of Na3Sb.

Thus, the boundaries of the liquid–vapour phase transition, calculated based on experi-
mental studies of the thermodynamic properties of the antimony–sodium system, enable us
to conclude that purification of crude antimony from sodium by distillation is not possible,
whereas purification of sodium from antimony under vacuum is possible at an alkali–metal
concentration of more than 90 at.% Na (approximately 63 wt.%). In addition, during vac-
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uum distillation of sodium, when the sodium concentration decreases below 90 at.% and
trisodium antimonide accumulates in the still residue, crystallisation of the intermetallic
compound from the melt may occur, which may complicate the technological process.

The vapour-pressure values of the components in the quasi-binary systems, which
were obtained during the determination of the liquid–vapour phase-transition bound-
aries, made it possible to calculate thermodynamic activities values and, on this basis, the
thermodynamic functions, namely, the entropy and enthalpy of alloy formation.

The activities of the components of the quasi-binary systems were determined as
follows: ln aSb (Na3Sb) = ln pSb (Na3Sb) − ln po

Sb (Na3Sb) in the first case and ln aNa (Na3Sb) =

ln pNa (Na3Sb) − ln po
Na (Na3Sb) in the second case.

The activities of the components in the quasi-binary systems Sb–Na3Sb and Na3Sb–Na
at a temperature of 1133 K (860 ◦C) are shown in Figure 4.

The activities of Sb and Na3Sb in the Sb–Na3Sb system are close to the straight diagonal
corresponding to an ideal solution. This observation, together with the similarity between
of the boiling temperatures of antimony and trisodium antimonide under vacuum (133 Pa)
and the corresponding vapour-pressure values, confirms the difficulty of separating the
components by distillation.

Sodium recovery from sodium-rich alloys in the Na3Sb–Na system is technologi-
cally feasible.

 

Figure 4. Dependences of thermodynamic activity on composition: 1, sodium; 2, 3, trisodium
antimonide; 4, antimony.

In the Sb–Na3Sb system, the partial pressures of antimony and trisodium antimonide
are described by the following equations:

ln pSb[Pa] = (22, 343x4
Sb − 62, 991x3

Sb + 58, 356x2
Sb − 15, 442xSb − 19, 021)× T−1−

−27.133x4
Sb + 77.563x3

Sb − 74.443x2
Sb + 23.5xSb + 20.821 + lnSb

(3)

ln pNa3Sb[Pa] = (22, 343x4
Na3Sb − 56, 172x3

Na3Sb + 43, 013x2
Na3Sb − 8551xNa3Sb − 13, 553 + 1669 ln xNa3Sb)× T−1−

−27.133x4
Na3Sb + 67.146x3

Na3Sb − 51.005x2
Na3Sb + 10.333xNa3Sb + 16.656 − 0.229 ln xNa3Sb

(4)

where pSb is the partial saturated vapour pressure of antimony, Pa; xSb is the mole fraction
of antimony in the alloy; and xNa3Sb is the mole fraction of trisodium antimonide, provided
that 0 < xSb < 1 and xSb + xNa3Sb = 1.
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In the Na3Sb–Na system, the dependence of the partial pressures of sodium and Na3Sb
on the composition in the melt is as follows:

ln pNa[Pa] = (2795x3
Na − 118x2

Na − 926xNa − 13, 935)× T−1 + 1.719x2
Na + 3.188xNa + 17.068 + ln xNa (5)

ln pNa3Sb[Pa] = (−2795x3
Na3Sb + 12, 457x2

Na3Sb − 23, 751xNa3Sb + 1169 + 7221 ln xNa3Sb)× T−1+

+1.719x2
Na3Sb − 10.064xNa3Sb + 24.342 + 7.626 ln xNa3Sb

(6)

where pNa3Sb is the partial pressure of Na3Sb, Pa, and xNa3Sb is the mole fraction of
trisodium antimonide, provided that 0 < xNa < 1 and xNa + xNa3Sb = 1.

The partial and integral entropies of mixing in the Sb–Na3Sb and Na3Sb–Na systems
were determined using the above-mentioned relationships and are presented in Figure 5.

The integral entropy of formation in both systems deviates from that predicted by
the law of ideal solutions, which indicates a significant contribution from excess functions.
The integral entropy of mixing in the Sb–Na3Sb system is a negative over almost the entire
concentration range; this behaviour is typical of solutions in which the components interact
in the liquid phase and atoms become ordered. The integral entropy in the Na3Sb–Na
system is positive and significantly exceeds that for an ideal system, which corresponds
to disordering.

The values of the integral enthalpies of formation of alloys in the Sb–Na3Sb and
Na3Sb–Na systems are negative over the entire concentration range of the components;
therefore, the mixing process that proceeds is exothermic.

 

Figure 5. Partial (1–4) and integral (5–8) values of the entropy (a) and enthalpy (b) of mixing in the
antimony–sodium system: 1, sodium; 2, 3, trisodium antimonide; 4, antimony; 7, 8, integral entropy
of the ideal system.

The values of the partial thermodynamic functions of evaporation, namely, entropy
(∆SV

Sb, ∆SV
Na3Sb, ∆SV

Na) and enthalpy (∆HV
Sb, ∆HV

Na3Sb, ∆HV
Na), and the integral val-

ues for the entire antimony–sodium system, ∆SV
Sb−Na and ∆HV

Sb−Na, are presented in
Tables 2 and 3.
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Table 2. Partial and integral entropy of evaporation of antimony–sodium alloys.

Na Content in the Alloy, at.% ∆SV
Na, J/(mol × K) ∆SV

Na3Sb, J/(mol × K) ∆SV
Sb, J/(mol × K) ∆SV

Sb−Na, J/(mol × K)

0 - - 73.55 73.55
15 - 50.04 73.92 69.14
30 - 40.86 78.03 63.17
45 - 33.86 84.81 54.24
60 - 33.83 83.55 43.78
75 - 37.17 - 37.17
80 38.57 34.61 - 35.41
85 51.35 29.11 - 38.00
90 62.88 17.28 - 44.64
95 74.57 −11.65 - 57.33
100 86.88 - - 86.88

The decrease in the integral entropy of evaporation to 35.41–37.17 J/(mol × K) as
the alloy composition approaches the stoichiometric composition of the intermetallic com-
pound (75 at.%) indicates, in accordance with Trouton’s rule, an increase in the amount of
associates in the vapour phase, namely, Na3Sb molecules.

The integral enthalpy of evaporation is relatively high for alloys of antimony and
trisodium antimonide because of the higher boiling temperature of these components, and
the dependence curve exhibits a minimum corresponding to the Na3Sb composition.

Table 3. Partial and integral enthalpies of evaporation of antimony–sodium alloys.

Na Content in the Alloy, at.% ∆HV
Na, kJ/mol ∆HV

Na3Sb, kJ/mol ∆HV
Sb, kJ/mol ∆HV

Sb−Na, kJ/mol

0 - - 139.31 139.31
15 - 138.37 142.39 141.59
30 - 121.75 149.56 138.44
45 - 110.49 160.63 130.55
60 - 106.81 168.31 119.11
75 - 107.42 - 107.42
80 117.25 107.27 - 109.27
85 117.61 107.17 - 111.34
90 115.81 109.20 - 113.17
95 110.75 122.44 - 113.09
100 101.30 - - 101.30

4. Conclusions
The boundaries of the liquid–vapour phase-transition fields of the antimony–sodium

system were calculated based on published experimental data. Based on indirect evidence,
it was established that trisodium antimonide (Na3Sb) is a congruently evaporating in-
termetallic compound. Na3Sb divides the Sb–Na system into two quasi-binary systems:
Sb–Na3Sb and Na3Sb–Na. The low entropy values for the sublimation of the compound,
53.5 J/(mol × K), and evaporation, 37.2 J/(mol × K), indicate, in accordance with Trouton’s
rule, the presence of associated antimony and sodium species in the vapour phase and
indirectly confirm the congruent evaporation of Na3Sb.

The positions of the liquid–vapour phase-transition boundaries of the antimony–
sodium system indicate that purification of crude antimony from sodium by distillation
is not possible; whereas, purification of sodium from antimony under vacuum is possible
at a sodium concentration of more than 90 at.% Na (approximately 63 wt.%). We have
established that distillation separation of antimony and sodium at atmospheric pressure is
technically difficult because of the high boiling temperatures of the melts of the Sb–Na3Sb
system (1635–2617 ◦C) and the very narrow temperature range of the vapour–liquid equi-
librium field under vacuum.
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Molten sodium and trisodium antimonide in the Na3Sb–Na system can be separated
both at atmospheric pressure and under vacuum when the sodium concentration in the alloy
exceeds 90 at.% Na (approximately 63 wt.%). However, the former requires temperatures of
up to 1570 ◦C, whereas vacuum conditions require a temperature of approximately 600 ◦C.
In addition, during vacuum distillation of sodium, when its concentration decreases below
90 at.% and trisodium antimonide accumulates in the still residue, crystallisation of the
intermetallic compound from the melt may occur, which will complicate the technological
process. Under these conditions, the vapour phase will consist of almost pure sodium,
while antimony will accumulate in the still residue in the form of Na3Sb.

The value of the integral entropy of formation in both systems indicates a significant
contribution from excess functions. The integral entropy of mixing in the Sb–Na3Sb system
is a negative value over almost the entire concentration range. The integral entropy in
the Na3Sb–Na system is positive and significantly exceeds that for an ideal system, which
corresponds to disordering.

The values of the integral enthalpies of formation of alloys in the Sb–Na3Sb and
Na3Sb–Na systems are negative over the entire concentration range of the components;
therefore, the mixing process is exothermic.

The decrease in the integral entropy of evaporation to 35.41–37.17 J/(mol × K) as
the alloy composition approaches the stoichiometric composition of the intermetallic com-
pound (75 at.%) indicates an increase in the amount of associates in the vapour phase,
namely, Na3Sb molecules.

The integral enthalpy of evaporation exhibits a minimum as a function of concentration
at the composition corresponding to Na3Sb.
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