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Abstract: Based on the molecular interaction volume model (MIVM), the activities of components of Pb—Sn—Sb ternary alloy were
predicted. The vapor—liquid phase equilibrium of Pb—Sn—Sb alloy system was calculated using the activity coefficients of Pb—Sn—Sb
alloy system in the process of vacuum distillation. The calculated results show that the content of Sn in vapor phase increases with
the increasing distillation temperature and content of Sn in liquid phase. However, the content of Sn in vapor phase is only 0.45%
(mass fraction) while 97% in liquid phase at 1100 °C, which shows that the separating effect is very well. Experimental
investigations on the separation of Pb—Sn—Sb ternary alloy were carried out in the distillation temperature range of 1100—1300 °C
under vacuum condition. It is found that the Sn content in vapor phase is 0.54% while 97% in liquid phase at 1100 °C. Finally, the

predicted data were compared with the experimental results showing good agreement with each other.
Key words: molecular interaction volume model; vacuum distillation; Pb—Sn—Sb alloy; phase equilibrium

1 Introduction

The raw materials which were used to produce Sn
usually contain Pb and Sb. It is necessary to find an
economic and convenient method to separate these
metals. The processes which were used widely in the
past, whether the chemical process (e.g., chloridization,
oxidization, etc) or the electrolysis, is not consummate
because of the long flow sheet, lower recovery of metals,
need for retreating the by-products, and evident
environmental pollution etc [1,2].

Vacuum distillation is regarded as one of the most
effective and environment-friendly methods for metal
separation and purification [3], which has been
successfully used for the separation of Pb—Ag,
Pb—Sn [4] and many other alloys, e.g. Sn—Sb, Pb—Sb,
Pb—Ag, etc. [5] and the preparation of many high-purity
metals, such as In and Te. It is more viable than time
consuming crystallization, in terms of higher purification
range and yield reached in less time in vacuum

distillation [6]. Besides, it has many advantages, such as
high recovery of metals (more than 99%), simple flow
sheet, low power consumption and simple equipment. At
the same time, a good separating effect has been
achieved. However, the investigation about the
separation of ternary alloys by vacuum distillation is
limited.

The knowledge of the thermodynamic properties of
alloys is important for providing important
thermodynamic information in metallurgical process. A
great deal of binary data were available in handbooks,
such as Ref. [7]. But multi-component data are quite
scarce because the experimental thermodynamic study is
difficult and very time-consuming. Therefore, theoretical
predicting is a significant and effective approach to
obtain thermodynamic properties of multi-component
alloys. The molecular interaction volume model (MIVM)
proposed by TAO [8] has been successfully used in
predicting thermodynamic properties of binary and
multi-component alloys and the predicting effect is very
well [9—12].
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In this study, the activity of Pb—Sn—Sb ternary alloy
system was predicted based on the MIVM. The
vapor-liquid phase equilibrium was then calculated using
the activity coefficients in the process of vacuum
distillation. Experiments for the separation of Pb—Sn—Sb
alloy were carried out for the proper interpretation of the
results of the MIVM, and a comparison between the
predicted data of MIVM and the experimental results
was also executed.

2 Method

2.1 Vapor pressure

The fundamental condition to determine whether
Pb—Sn—Sb ternary alloy can be separated by vacuum
distillation is the difference of the vapor pressure of Pb,
Sn and Sb in pure state. The saturated vapor pressure of
pure substances can be calculated from the Van Laar
Equation expressed as [13]

lgp =AT ' +BIgT+CT+D (1)

where p" is the saturated vapor pressure of pure
substances; 4, B, C and D are the evaporation constants
given in Table 1 for the components Pb, Sn and Sb [14];
and 7 is the absolute temperature.

Table 1 Evaporation constants of Van Laar Equation for
components Pb, Sn and Sb [14]

Temperature
Element 4 B C D
range/°C
Sb —6500 - - 6.370 630—1587
Pb  —10130 —0.985 - 11.160 327-1750
Sn  —15500 - - 8.263 232-2603

Using the data given in Table 1, the saturated vapor
pressure of pure components Pb, Sn and Sb dependence
of temperature can be drawn, which is shown in Fig. 1. A
comparison of their values at the same temperature can
be used as a rough guide in determining those elements
which should exhibit preferential evaporation. As a first
approximation, one dissolved element with a higher
vapor pressure can be
preferentially. Others with lower vapor pressure can be
concentrated in residual after vacuum distillation.

As can be seen from Fig. 1 that the saturated vapor
pressure of Sn is the smallest among these three

expected to evaporate

components, and that of Sb is the largest. Both the
saturated vapor pressures of Pb and Sb are larger than
that of Sn, which means that Pb and Sb will evaporate
preferentially into vapor phase while Sn is still staying in
liquid phase.
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Fig. 1 1g p" at different temperatures

2.2 Separation coefficient

In order to further demonstrate the feasibility and
the separating degree of different elements in Pb—Sn—Sb
alloy during vacuum distillation, DAI and YANG [14]
conducted the separation coefficient, f, which can be
used to determine whether two elements can be separated
from each other by vacuum distillation according to
thermodynamic equilibrium theory. The separation
coefficient was presented as follows:

B=0ilr)(pi I p)) )

where y; and y; are the activity coefficient of i and j
components, respectively; pl«* and p; are the saturated
vapor pressures of i and j in pure state, respectively. If
the value of g is known, the ratio of actual vapor
pressures of i and j can be expressed as

P p 3)
Py %

where p; and p; are the actual vapor pressures of
components i and j, x; and x; are the molar concentrations
of components i and j, respectively.

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

2.3 Vapor-liquid phase equilibrium

In order to quantitatively predict the element
distribution of Pb—Sn—Sb alloy, the vapor—liquid phase
equilibrium of the Pb—Sn—Sb alloy was investigated.
When the two phases are equilibrium, the mass fraction,
W; e, in gas phase is related to the vapor densities of these
three components as
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Pi _ 1
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Wig =

where p;, p; and p; are the vapor densities for vapor
component #, j and k, respectively, and p; /p; =w; /fw;),
pi/p=wy1/pw;. Then the mass fraction of component i in
vapor phase can be expressed as [14]

-1
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The relationship diagram of w;,— w;; can be
calculated by y, p* and a series of w;/w;;, we/w;; at
specific temperatures, that is the vapor—liquid
equilibrium composition for i—j—k system. The vapor
pressures of pure Pb, Sn and Sb at different temperatures
are shown in Table 2

-1

o Wt [V_kj Pr_
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Table 2 Vapor pressure of components at different temperatures

#°C P sy/Pa p'm/Pa psa/Pa
1100 5.77x10? 6.55%10? 1.16x10™"
1150 8.46x10° 1.15x10° 2.90x10™"
1200 1.21x10* 1.94x10° 6.80x107"
1250 1.69x10* 3.15%10° 1.51
1300 2.31x10* 4.97x10° 3.17
1400 4.07x10* 1.13x10* 12.31

2.4 Molecular interaction volume model

The MIVM was obtained from the physical prospect
of liquid molecular movements in that liquid molecules
are not like gas molecules, which are in continuous
irregular motion, and not like solid ones, which are
vibrating continuously at one site but are migrating
non-randomly from one cell to another. This means that
the basic feature of moving of liquid molecules is
nonrandom migrating, and more details are in Ref. [9]. It
is a two-parameter model and is able to predict the
thermodynamic properties in a multi-component 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 in previous work [11,12].
According to MIVM, the molar excess Gibbs energy
Grl;:l of the liquid mixture i—j can be expressed as

GE Vmi
—Z=x,In| ——— |+
RT XV +x. VB,

JT i

jrmyj i miij
+4%m%]

X; +xiBij

V..
xln| —— |-
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The expressions of activity coefficients of the
components 7 and j can be respectively expressed as

Vmi
Iny,=In| ————— |+
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Extending Eq. (6) to a multi-component mixture, its
molar excess Gibbs energy can be expressed as

Gr & Vit
R—';=in In(——)-
i=1 Z/ 1x/VnyBﬂ

1 Z Zj‘:l jiB.ii InBj; )

i=1 Zk:lkaki
And the expression of activity coefficient of any
component i is

. /1 V_.B.
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where Z; is the nearest molecule or first coordination

(10)

number; x;, x; and x; are the molar fractions of
component i, j and k, respectively; and the pair-potential

energy interaction parameters B;; and Bj; are defined as

_ &ij "€ _ E;i — &
Bij—exp{—( T H, Bji—exp[—( T J:l (11)

where ¢;;, ¢; and g; are the i—i, j—j, and i—j pair-potential
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energies, &; = g, k is the Boltzmann constant.

In order to determine the required binary parameters
B;; and Bj;, 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 were available in Refs. [15,16]. The
coordination number Z; of liquid metals can be predicted
from their atomic parameters, molar volumes, melting
points and melting enthalpies. The infinite dilution
activity coefficients of binary liquid alloys [7] and the
required binary parameters B; and Bj; are shown in
Table 3.

Table 3 Values of y;”, y7, B;and B;; of related binary alloys
i—j at required temperatures

- 1°C y 4T B By  Z Z

J J

Pb—Sn 777 2.057 1.710 0.5049 1.1677 9.60 8.81
Pb—Sb 632 0.779 0.779 1.0147 1.0275 10.29 8.74
Sn—Sb 632 0.411 0.411 1.0922 1.0886 6.94 8.74

For a binary system i—j, the expression of infinite
dilute activity coefficients »° and y;o can be written
from Eq. (8) when x; or x; approaches zero, respectively:

V_.B. V_.B,
o ) e

mi ij
1
E(Zl. InB;+Z;B;InBy;) (12)
V..B.\ V. B,
ln]/jozl—]n My ol mWegr
ij Vmi
1
E(Zj InB;+ZB;InB) (13)

Therefore, the values of B; and B;; can be calculated
from Egs. (12) and (13) by the Newton—Raphson
methodology.

Let us assume that the pair-potential energy
parameters in Eq. (11), —(g;—¢:)/k and —(e;—¢;)/k, are
independent of temperature. Thus, we can get the values
of B;; and B at other temperature from Eq. (11) if the
values of Bj; and Bj; at given temperature are known.

Let the Pb—Sn—Sb liquid alloy be the 1-2—3 system,
the activity coefficient of the component 1 of the system
can be written from Eq. (10) as

le _
XVt + X2V Boy + X3V 03B,

Iny, :l+ln[

XVt _
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2%y B, [(xy + X383, ) In By —x3B5, In By, | +

2
(¥ By; +x, +x3B55)

Z3x3B153[(x, By3 +X3) In B3 — x, By3 In By ]

2
(%1 B3 + X, B3 + X3)

(14

3 Experimental

3.1 Material

The material was provided by a tin smelting
company of China, and the chemical composition of the
material is listed in Table 4.

Table 4 Chemical composition of material (mass fraction, %)
Sn Pb Sb Bi Others
26.52 67.1 6.142 0.14 0.08

3.2 Equipments and procedure

The laboratory apparatus for separation (see Fig. 2)
mainly consisted of vacuum resistance furnace, vacuum
pump, system, graphite
evaporator and condenser.

circulating water control

6 it 3 2
|’_' 1 =

7—-”:”:: L ‘ ;

||
=iz

Fig. 2 Internal structure schematic diagram of vacuum furnace:
1—Furnace lid; 2—Furnace body; 3—Furnace bottom; 4—
Electrode; 5—Cold plate; 6— Observation door; 7 — Heat
holding cover; 8—Heating unit; 9—Graphite evaporator

The separation of Pb—Sn—Sb ternary alloy was
carried out in a clean room of vacuum furnace. In a
typical run of the distillation, raw Pb—Sn—Sb ternary
alloy weighing 180 g was taken into the graphite crucible
and placed inside the distillation section of the furnace,
which was then evacuated to a vacuum of 10 Pa by
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means of a two-stage pumping system consisting of a
mechanism pump and a blower. Melt temperatures
during investigation were in the range of 1100—1300 °C,
and the soaking (distillation) time was 30 min. Pressure
was measured using a stand McLeod Gauge which was
accurate to within 1% at pressures below 300 Pa. The
feeding material was heated to different distillation
temperatures at a heating rate of 50 °C/min and the
temperatures were kept for 30 min when the chamber
pressure was 10 Pa. The distillation temperature accuracy
could be maintained at a constant value of better than 10
°C. Melt temperatures in all experiments were controlled
by manually adjusting the furnace power input on the
basis of continuous readings from mullite sheath-
protected thermocouples inserted into molten alloy bath.
After completion of the distillation process, the

0 1.00

0 0.25 050 075 1.00
a(Sn)

(a)
0,1.00

1.00

0 025 050 075 1.00
a(Sn)
(c)

0 1.00

0.25

WATATATaN

0 0.25 0.50 0.75 1.00
a(Sn)
(e)

temperatures in the evaporating distillation zone as well
as condensing zone were lowered to room temperatures
to solidify respectively the purified residue Sn and the
condensed Pb and Sb.

Finally, the samples were collected from the volatile
and residue phases and then mixed respectively to obtain
the average concentration of samples. Flame atomic
absorption spectroscopy (FAAS) and chemical analysis
methods were used to determine the contents of Pb, Sn
and Sb in both the volatile and residue.

4 Results and discussion
Substituting the corresponding Bj; and B;; into Eq.

(14), the activity of components of the liquid Pb—Sn—Sb
alloy was predicted, as shown in Fig. 3.

0 1.00

\ LN N\ /
1.00 VAV AV AVAVAYAN)
0 025 050 075 1.00
a(Sn)

(b)

0 025 050 075 1.00
a(Sn)
(d)

0,1.00

0.25
=\0
0 025 050 075 100
a(Sn)
(0

Fig. 3 Predicted activities (a) of components of Pb—Sn—Sb alloy with x(Sn)=0.1-1.0 (interval=0.1), x(Pb)= 0—0.45 (interval=0.05)
and x(Sb)=0—-0.45 (interval=0.05): (a) 1100 °C; (b) 1150 °C; (c) 1200 °C; (d) 1250 °C; (e) 1300 °C; (f) 1400 °C
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Substituting the activity coefficients ypy, Vs, Ysbs
saturated vapor pressures p;b , p;n , p;b and a series
of Wpy/Wsn1, Wsp/Wsny into Eq. (5) , the vapor-liquid
phase equilibrium of Pb—Sn—Sb alloy system can be
easily calculated at the required temperatures, as shown
in Fig. 4.

10!
109 }
S
g" 107 p
= 1 1400 °C
] «— 1300 °C
|0—2 y— ]250 UC
L 4— 1200 °C
e— 1150 °C
=— 1100 °C
-3

10 20 30 40 50 60 70 80 90 100
w(Sn))/%

Fig. 4 Vapor-liquid equilibrium composition of Pb—Sn—Sb

system at different temperatures

Figure 4 shows the change of -equilibrium
composition of vapor and liquid phase at different
temperatures. It can be seen from Fig. 4 that the content
of Sn in vapor phase increases with the increasing
distillation temperature and content of Sn in liquid phase.
However, the content of Sn in vapor phase is 0.45%
while 97% in liquid phase at 1100 °C. This means that
Sn can be separated from Pb and Sb by vacuum
distillation thoroughly.

Tables 5 and 6 summarize the experimental
conditions, feeding amount, and mass ratio of the

Table 5 Experimental conditions and results

2413

volatile and residue phases of each experiment, as well
as the content of components of Pb—Sn—Sb in volatile
and residue phases, respectively.

As can be seen from Table 5 that the yield of the
volatile increases with the increasing distillation
temperature. This is because the amount of evaporated
Pb and Sb increases, and the higher the distillation
temperature, the well the separating effect. But the loss
of the material increases with the increasing distillation
temperature. The reason is that the volatile cannot
condense on the condenser plate completely. Some of the
volatile condense onto the inner wall or dead area of the
vacuum furnace and cannot be collected.

It can be seen from Table 6 that the content of Sn in
vapor phase increases with the increasing distillation
temperature, this behavior can be anticipated that
increasing temperature causes an increase in saturated
vapor pressure of Sn. The temperature dependence of the
content of Sn in vapor phase, was determined in the
temperature range of 1100—1300 °C while the content of
Sn in liquid phase is 97 %, and the data are plotted in
Fig. 5.

It can be seen from Fig. 5 that the content of Sn in
vapor phase increases with the increasing distillation
temperature while the content of Sn in liquid phase is
97%. The content of Sn in vapor phase, however, is only
0.54% at 1100 °C, which indicates that Pb and Sb
evaporate into vapor phase while Sn is still staying in
liquid phase. Thus, Sn can be separated from Pb and Sb
by vacuum distillation thoroughly. The results are
consistent with the predicted results. In order to further
verify the efficiency of the predicted results, the
experimental results and the predicted data were
compared directly in Fig. 6.

t/°C Time/min Feeding amount/g Volatile Residue Loss
Mass/g ~ Content/% Mass/g ~ Content/% Mass/g Content/%
1100 30 180 136.8 76.0 38.70 21.50 4.50 2.50
1150 30 180 138.0 76.7 35.52 19.73 6.48 3.60
1200 30 180 140.4 78.0 30.96 17.2 8.64 4.80
1250 30 180 142.6 79.2 28.04 13.36 9.36 5.20
1300 30 180 146.0 81.1 22.28 12.38 11.72 6.51
Table 6 Experimental results
Feeding amount Volatile phase Residue
m(Sn)/g m(Pb)/g m(Sb)/g m(Sn)/g m(Pb)/g m(Sb)/g m(Sn)/g m(Pb)/g m(Sb)/g
47.56 120.4 12.04 0.74 123.12 12.94 37.32 0.36 0.57
47.56 120.4 12.04 091 124.64 12.45 34.42 0.42 0.61
47.56 1204 12.04 1.70 126.23 12.47 30.04 0.36 0.58
47.56 1204 12.04 3.00 129.02 10.58 27.08 0.37 0.53
47.56 1204 12.04 5.84 129.75 10.41 21.61 0.28 0.40
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Fig. 5 Content of Sn in vapor phase dependence of distillation
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Fig. 6 Comparison of predicted content of Sn in vapor phase of
MIVM (lines) with experimental data (symbols) at 1100—
1300 °C

As can be seen from Fig. 6 that the content of Sn in
vapor phase increases with the increasing distillation
temperature and content of Sn in liquid phase. This
behavior can be anticipated that the increasing
distillation temperature results in an increase in saturated
vapor pressure of Sn, thus, the volatile quantity of Sn
increases correspondingly. It can also be seen from Fig. 6
that the predicted data are in good agreement with the
experimental results, although a little deviation was
observed, and the higher the temperature, the greater the
deviation. The reasons may arise from the accuracy of
the experimental technique and the thermodynamic data,
and the MIVM, especially for asymmetry systems [17].
The condensate Pb and Sb can also be separated by
vacuum distillation which was investigated in Ref. [6].

5 Conclusions

1) Based on the MIVM, the activity of Pb—Sn—Sb
ternary alloy system was predicted.

2) The vapor—liquid phase equilibrium of Pb—Sn—
Sb alloy system in vacuum distillation was predicted
using the activity coefficients. The predicted results show
that the content of Sn in vapor phase increases with the
increasing distillation temperature and content of Sn in
liquid phase. The ratio of content of Sn in liquid phase to
that in vapor phase is up to hundreds, and the content of
Sn in vapor phase is 0.45% while 97% in liquid phase at
1100 °C.

3) Experiments for separation of Pb—Sn—Sb alloy
were executed in the temperature range of 1100—1300 °C.
The results show that the content of Sn in vapor phase
increases with the increasing distillation temperature and
content of Sn in liquid phase. The content of Sn in vapor
phase is 0.54 % while 97% in liquid phase at 1100 °C.

4) The experimental results are in good agreement
with the predicated values, although a little deviation was
observed. This error may be due to the accuracy of the
experimental technique and condition as well as the
MIVM, and may also arise from out of consideration of
the changes in constituent, activity and distribution
coefficient of component in vacuum distillation process
were not considered. The present study is helpful to get
more reliable results in vacuum distillation because
MIVM has a good physical basis and provides a rigorous
model on which to base refining simulations for ternary
alloys.
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