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A method is presented for calculating the separation coefficients of Pb—Au and Pb—Sn alloys in vacuum
distillation based on molecular interaction volume model (MIVM). A significant advantage of the model
lies in its ability to predict the thermodynamic properties of liquid alloys using only binary infinite
activity coefficients. The calculated results of Pb—Ag, Pb—Au, Pb—Sb, Pb—Sn and Sb—Sn show good
agreement with experimental data in literature. It shows that the prediction effect of the proposed
method is of better stability and reliability because the MIVM has a good physical basis.
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1. Introduction

There are some serious problems in conventional producing
methods of nonferrous metals such as environment pollution, high
energy consumption, too much employees, low economic profits
etc. Vacuum metallurgy can eliminate the disadvantages of tradi-
tional metallurgical processes, expand machining range, and
produce new products to meet the needs of the development of
high technology. Vacuum distillation has been studied and used in
separation of various elements from nonferrous alloys and the area
of its application is being extended rapidly [1—3]. Over past
decades, refining and separation of various impurities from
nonferrous crude metals by vacuum distillation have been studied
by Dai and coworkers, especially Pb-based alloy systems [4—7].
Generally, the thermodynamic properties of alloys are important to
estimate the separation degree and the products’ composition
quantitatively. The experimental thermodynamic study of a system
is very time consuming since a great number of measurements are
necessary. Therefore, theoretical predicting is a significant and
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effective approach to obtain thermodynamic properties of alloys,
especially for multicomponent ones.

In our previous paper, the molecular interaction volume model
(MIVM) was obtained from a physical basis [8]. It is a two-
parameter model, which is able to predict the thermodynamic
properties in a multicomponent solution system using only the
ordinary physical quantities of pure liquid metals and the related
binary infinite dilute activity coefficients. The prediction effect of
MIVM is of better stability and safety through our previous work
[9—11].

In the present work, the MIVM has been applied to calculate the
activities of components of Pb—Ag, Pb—Au, Pb—Sb, Pb—Sn and
Sb—Sn alloys. The predicted values are compared with experi-
mental data to verify the reliability of the method. The separation
coefficients of Pb—Au and Pb—Sn alloys were calculated in vacuum
distillation based on the MIVM.

2. Method
2.1. Separation coefficient in vacuum distillation

The reason of refining of crude metals or separation of alloys by
vacuum distillation is the composition difference between dis-
tillated gas product and liquid phase. For example, at the part of
rich lead (crude lead, >90% Pb) in Pb—Sn alloy, lead is selectively
volatilized during distillation, and at the part of rich tin (crude tin,
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Table 1

Vapor pressure of the components at different temperature [12].
TIK 1073 1173 1273 1373 1473 1573
Pye/pa 6.70 x 1073 8.71 x 1072 0.75 468 22.70 89.78
PAu/pa 2.99 x 1077 9.29 x 1076 1.67 x 107* 1.97 x 1073 1.65 x 1072 1.05 x 107"
Pb /pa 7.24 4225 185.82 655.13 1.94 x 10° 497 x 10°
Pg, /pa 273.92 899.38 245 x 10° 5.76 x 10° 121 x 10* 231 x 10*
P, /pa 8.11 x 107> 138 x 1073 1.51 x 1072 1.16 x 107" 6.79 x 107! 3.17

>90% Sn), antimony is preferentially volatilized into gas phase. A
concept § i.e. separation coefficient was introduced from theoret-
ical derivation for i—j binary alloy, that is

g=Ti b (1)
Yi P

Where vy; and y; are activities coefficient of i and j components,

respectively; p; and p;.‘ are saturated vapor pressure of i and j

components, respectively. The vapor pressures of pure Pb, Au and

Sn at the different temperature are shown in Table 1.

When § > 1 or § < 1, the separation of alloys could happen, but
when ( = 1 it could not. Therefore, the separation coefficient § can
be used to estimate whether the components may be separated via
vacuum distillation for all alloys.

2.2. Molecular interaction volume model

According to MIVM [8], the molar excess Gibbs energy GE, of the
multicomponent can be expressed as:

% — ixllnvi ZZI ; w
RT =" kX VmBi 2 > k—1XkByi
Sm | He
~ R TRT )

where Z; is the nearest molecule or first coordination number; Vi
and Vy,; are the molar volumes of i and j, respectively; x;, x; and Xy
the molar fractions; and the pair-potential energy interaction
parameters B and Bj; are defined as, respectively,

BU = exp[ — (EU — EJJ)/kT} B]l = EXp[ — (gji — Sii)/kT] (3)
where g, ¢jj and ¢j; are the i—i, j—j, and i—j pair-potential energies,
&ij = &ji, k the Boltzmann constant, and T the absolute temperature.
For a binary mixture i—j, the activity coefficients of component i
and j are, respectively

Iny; =In L +Xj VmJBﬁ leBu
l Xl Vini +X;VimiBji XiVmi+X; ijBﬂ XiVinj +XiViniBjj
j lenB ZJBUlnBU
T2 2" 2 (4)
(XiJerBji) (Xj+XiBij)
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when x; or x; approaches zero, the infinite dilution activity coeffi-
cients y;* and 7j°°, respectively, are derived from Eqgs. (4) and (5):

" ViiBii\  VmiBij 1
Inyj® = 1—1r1< ";f _J’> - ‘”/" 'Ufj(ZiIHBj,‘JijBijlnBij) (6)
mi mj
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ij Vmi

In order to determine the required binary parameters Bj; and Bjj,
the infinite dilution activity coefficients of the binary liquid alloys
and the related parameters of their components must be obtained.
The related parameters of pure metals [12,13] are shown in Table 2.
The coordination number Z; of liquid metals can be estimated by
the equation [14].

3 3
Z = a2 (r —'o >plrm1exp (AHmi(Tmi — T)> (8)

3 T'mi — Toi Z:RTT

where N; is the molecular number and V; is the molar volume,
pi = Nj/V; is the molecular number density; 4H;,; and Tp,; are the
melting enthalpy and the melting temperature, respectively;
Z: = 12 is a close-packed coordination, T the liquid metal temper-
ature and R the gas constant; ro; and rp; are the beginning and first
peak values of radial distance in a radial distribution function near
its melting point, respectively. The ry; may be fitted as a proportion
of atomic covalent diameter, dcy, Which implies that a covalent
bond length formed by sharing the outermost valence electrons
with other element atoms approaches the closest distance between
adjacent atoms; and the r; is approximate to the atomic diameter
observably, ¢;, namely,

roi = 0.918dcoyi, T'imi = i (9)

The infinite dilution activity coefficients of binary liquid alloys
[15] and the required binary parameters B and Bj; are shown in
Table 3, respectively.

Table 3

Table 2 The values of v;*, ij , Bjj and B;; of the binary alloys i—j at the required temperatures
The related parameters of the components [12,13]. [15].
i Vi cm®[mol AHpi KJ/mol  ¢; 1078 cm ;1072 cm i—j T/K e v Bji Bji Zi Z
Ag 11.6[1+ 098 x 10~%T-1234)] 11.09 2.88 2.46 Pb—Ag 1300 1.101 1.530 0.5974 1.4450 8.91 10.61
Au 113 [1+ 0.69 x 107%T-1336)] 12.76 2.88 2.46 Pb—Au 1400 0.174 0.397 1.5808 0.4558 8.99 10.90
Pb 194 [1 + 1.24 x 10~%T-600)] 4.81 3.50 2.70 Pb—Sb 905 0.731 0.842 0.6317 1.3410 9.71 6.97
Sb  18.8[1 + 1.30 x 10-%T-904)]  39.75 2.80 2.40 Pb—Sn 1050 2.057 1.710 1.1131 0.8052 9.60 8.81
(

Sn 17.0[1 + 0.87 x 1074T-505)]  7.20 3.26 2.59

Sb—Sn 970 0.458 0.556 1.6276 0.5680 6.71 6.48
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