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Abstract: Activity coefficients of Pb−Sn alloy with different Pb contents at 777 °C were calculated with molecular interaction 
volume model, which agree well with the available experimental values. Activity coefficients at 800−1300 °C were predicted to 
supply valuable data for thermodynamic calculation of vacuum distillation. Small-scale and continuous industrialized experiments of 
vacuum distillation for two different components of Pb−Sn alloys were performed and the lead content in refined tin was decreased 
to less than 0.01% successfully. Vacuum distillation treatment of Pb−Sn alloy in which lead content fluctuated from 10% to 90% was 
put forward. The final product is crude lead with purity above 99.5% and refined tin with lead content less than 0.01%. 
Key words: Pb−Sn alloy; molecular interaction volume model; vacuum distillation; activity coefficient 
                                                                                                             
 
 
1 Introduction 
 

Lead is a heavy and poisonous metal and can do 
harm to the environment and human health. Lead free of 
solder, printed circuits and electronic devices require us 
to deeply remove lead from tin. Traditional method of 
removing lead from crude tin includes electrolysis and 
crystallization. Electrolysis can reduce lead to 0.6%, and 
crystallization can lower the lead to 0.02% [1]. Adverse 
operation condition and environmental pollution are their 
shortcomings. Therefore, the vacuum distillation as a 
separating technology has a powerful competition ability 
compared with other metallurgical progresses due to the 
small space occupied, simple operation and no pollution 
to the environment. In this work, Pb−Sn alloys were 
separated successfully by the vacuum distillation in 
small- scale and continuous industrialized experiments, 
and lead content in refined tin decreased to less than 
0.01%. 

Activity coefficient is one of the key roles in 
thermodynamic calculation, with which we can predict 
the feasibility and separation degree of the alloy by 
vacuum distillation. However, the activity coefficient is 
quite scarce and it is obviously unrealistic to measure all 
the data experimentally. Therefore, a unique economic 
and effective method to predict multi-component 

systems from theories or from thermodynamic models 
which depend on less experimental data is required. The 
thermodynamic models suggested so far cannot make 
accurate prediction for liquid alloys over a wide range of 
concentration [2], namely, a linear chemical−physical 
theory model gives a good fit to binary liquid alloys [3], 
but it is difficult to extend it to ternary systems. The 
model reported by FAN and ZHOU [4] is only suitable 
for a dilute metals solution; WILSON’s [5] model cannot 
be used for liquid−liquid partial miscible systems and 
their model parameters lack physical understanding. The 
molecular interaction volume model (MIVM) is a 
two-parameter model able to predict the component 
activity coefficients in solid solution, binary, ternary or 
even multi-component alloys [6,7]. Thus, the MIVM was 
chosen to predict activity coefficients of Pb−Sn binary 
alloys to provide valuable data for theoretical 
calculations in this work. 
 
2 Calculation of activity coefficient of Pb−Sn 

alloy 
 

The MIVM has a certain physical meaning from the 
viewpoint of statistical thermodynamics and requires 
only two binary infinite dilute activity coefficients of 
each system for the prediction of component activities 
[8,9]. It is an alternative for the estimation interaction  
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parameters which are absent or whose accuracy is 
questionable. In MIVM, the activity coefficient (γ) can 
be calculated by Eq. (1) and Eq. (2). 
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where xi and xj are the molar fractions; Zi and Zj are the 
coordination numbers of pure matters; Vm,i and Vm,j are 
the molar space volumes; Bij and Bji are the pair-potential 
energy interaction parameters.  

The activity coefficients of i−j binary system can be 
obtained, only using the pair-potential energy interaction 
parameters Bij and Bji, and they are defined as 
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where ijε , iiε and jjε are pair-potential energies of i−i, 
j−j and i−j systems, respectively; k is the Boltzmann 
constant; T is the thermodynamic temperature. 

The average relative error is used to test the 
MIVM’s validity. 
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where exp

ia  and pre
ia  are the experimental data and the 

predicted values of activity for component i in the liquid 
alloy, and n is the number of experimental data. 

The available experimental activity coefficients [10] 
of Pb−Sn alloy are listed in Table 1, and the calculated 
values are listed in Table 2. The calculated activity 
coefficients with MIVM at 777 °C agree well with the 
available experimental ones. The average relative errors 

 
Table 1 Experimental activity coefficients of Pb−Sn alloy at 777 °C 

xPb γ 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

γPb 2.043 1.899 1.764 1.641 1.514 1.382 1.246 1.124 1.035 

γSn 1.004 1.017 1.042 1.084 1.156 1.293 1.571 2.151 3.458 

 
Table 2 Predicted activity coefficients of Pb−Sn alloy 

xPb Temperature/°C γ 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

γPb 2.081 1.952 1.8107 1.6628 1.513 1.368 1.234 1.119 1.035 
777 

γSn 1.003 1.015 1.041 1.090 1.178 1.335 1.62 2.179 3.423 

γPb 2.102 1.966 1.82 1.668 1.515 1.368 1.233 1.118 1.035 
800 

γSn 1.003 1.015 1.042 1.093 1.183 1.342 1.63 2.194 3.441 

γPb 2.187 2.024 1.856 1.688 1.524 1.370 1.232 1.116 1.034 
900 

γSn 1.004 1.018 1.048 1.104 1.200 1.369 1.671 2.251 3.511 

γPb 2.258 2.071 1.885 1.703 1.530 1.371 1.230 1.115 1.033 
1000 

γSn 1.004 1.020 1.053 1.112 1.215 1.391 1.704 2.300 3.566 

γPb 2.319 2.111 1.909 1.716 1.535 1.371 1.229 1.113 1.032 
1100 

γSn 1.005 1.022 1.057 1.120 1.227 1.410 1.731 2.337 3.612 

γPb 2.372 2.146 1.929 1.726 1.539 1.372 1.228 1.112 1.032 
1200 

γSn 1.005 1.023 1.060 1.126 1.238 1.426 1.755 2.369 3.650 

γPb 2.417 2.175 1.946 1.735 1.542 1.372 1.227 1.111 1.031 
1300 

γSn 1.005 1.025 1.063 1.132 1.247 1.44 1.775 2.397 3.682 
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of Pb and Sn are 1.234% and 1.284%, respectively. 
Moreover, the predicted activity coefficients in 
800−1300 °C are also calculated and shown in Table 2. 
 
3 Thermodynamic analysis of vacuum 

distillation 
 
3.1 Saturated vapor pressure 

The difference in vapor pressure of different metals 
at the same temperature is the basic principle of vacuum 
distillation and the element which has a higher vapor 
pressure will evaporate first from the alloy. Relationship 
between the saturated vapor pressure and temperature 
can be calculated by Eq. (6). The coefficients A, B, C and 
D for different substances can be found from        
Ref. [11] and the values of lead and tin are presented in  
Table 3. 
 

DCTTBATp +++= − lglg 1                    (6) 
 
Table 3 Values of A, B, C and D for elements Pb and Sn 

Element A B C D 

Pb −10130 −0.985 − 13.285 

Sn −15500 − − 10.385 

 
According to Eq. (6), the saturated pressure of 

different liquid substances can be worked out at a given 
temperature. Calculated saturated vapor pressures for Pb 
and Sn are listed in Table 4. As shown in Table 4, lead 
has a high saturated vapor pressure and is easy to 
evaporate into vapor phase. However, tin has a low 
saturated vapor pressure and keeps in the liquid phase. 
As a result, lead and tin can be theoretically separated 
with vacuum distillation. 
 
Table 4 Vapor pressures and vapor pressure ratios of Pb and Sn 

Temperature/°C *
Pbp /Pa *

Snp /Pa *
Sn

*
Pb / pp  

800 7.2 8.11×10−5 8.93×104 

900 42.3 1.38×10−3 3.07×104 

1000 186.2 1.51×10−2 1.24×104 

1100 656.8 0.12 5.65×103 

1200 1942.5 0.68 2.86×103 

1300 4983.47 3.172 1.57×103 

 
3.2 Separation coefficient 

As the mixing effect of A−B binary alloy, the actual 
vapor pressures of A and B are not equal to their 
saturated vapor pressures. It must take the activity a and 
molar concentration x in binary alloy into account to 
know the actual vapor pressure. The actual vapor 
pressures of A and B in binary alloys are deduced as [12] 
 

iiiiii xpapp γ** ==                             (7) 
 

jjjjjj xpapp γ** ==                           (8) 
 
where ai and aj are the activities; *

ip and *
jp  are the 

saturated vapor pressures; xi and xj are the molar 
concentration; γi and γj are the activity coefficients of i 
and j, respectively, and the values were chosen from the 
calculated data with MIVM, mentioned above. 

According to Eq.(7) and Eq.(8), the following 
equation can be deduce as 
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where βi is the separation coefficient of i, which can be 
used to determine whether element i can be separated 
from i−j binary alloy by vacuum distillation [13]. 

As expressed in Fig. 1, for Pb−Sn binary alloy, 
βPb>1, the content of Pb in vapor phase is more than that 
in liquid phase. Pb is enriched in vapor phase and Sn is 
concentrated in liquid phase, thus the binary alloy is 
separated into lead and tin. 
 

 
Fig. 1 Separation coefficient of Pb−Sn alloy 
 
3.3 Vapor−liquid phase equilibrium diagram 

It is important to estimate the separation effect and 
the product composition quantitatively. These data can 
be obtained by vapor−liquid phase equilibrium diagram, 
which was put forward in 1982 [14,15]. For i−j binary 
alloy, ig and jg are the vapor contents, il and jl are the 
liquid content, respectively, then 
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in vapor phase: 
    ig+jg=1                                 (12) 
in liquid phase: 

il+jl=1                                   (13) 
 

The contents of i and j in the vapor phase are 
presented as 
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where wi, wj, γi, γj, *

ip  and *
jp  are the mass fraction, 

activity coefficient, and saturated vapor pressure of pure 
matters i and j, respectively. The activity coefficients 
were chosen from the calculated data with MIVM 
mentioned above. 

With the calculation of ig, we can get the 
vapor−liquid phase equilibrium diagram and use it to 
calculate separation degree of the alloy. 

Figure 2 shows the calculated vapor−liquid phase 
equilibrium diagram of Pb−Sn alloy in 800−1300 °C. As 
shown in Fig. 2(a), when tin content is 0.2 in liquid alloy 
at 1000 °C, tin content in vapor phase is only 1.7×10−4. 
Tin content in the vapor has a large difference from that 
in liquid phase, so the alloy can be separated drastically. 
With the temperature and tin content increasing, tin 
content in the vapor increases correspondingly because 
vapor pressure of tin increases obviously at high 
temperatures and tin also starts volatilizing. The goal is 
to remove the lead in tin to less than 0.01%, so the 
theoretical feasibility must be calculated at first. Figure 
2(b) presents the vapor−liquid equilibrium of the alloy 
with the lead content of 10−2−10−6, and the detailed 
values are listed in Table 5. 

To remove the lead from 10−3 to 10−4 at 1200 °C in 
100 kg alloy, as lead content in the alloy is only 10−4, the 
vapor pressure of lead at 1200 °C is 

 
43.0195.2105.1942 4** =××=== −γxpapp  Pa 

 

 

Fig. 2 Vapor−liquid equilibrium diagram of Pb−Sn alloy 
 
where a is the activity; p* is the saturated vapor pressure; 
x is the molar concentration; γ is the activity coefficient. 

To ensure the residual pressure in the furnace less 
than 0.43 Pa or the temperature over 1200 °C, the 10−4 
lead (or even less) should be evaporated from the alloy. 
The evaporation of the lead is 100×(10−3−10−4)=0.09 kg 

According to Table 4, if w(Pbl)=10−4 at 1200 °C, 
then w(Sng)/w(Pbg)=(1−0.39)/0.39, and the evaporation 
of the tin is 0.09×(1−0.39)/0.39=0.14 kg. 

 
Table 5 Fluctuation of Pb content in vapor phase with Pb content in liquid phase between 10−2 and 10−6 in alloy 

w(Pbg)/% 
Temperature/°C 

w(Pbl)/10−2 w(Pbl)/10−3 w(Pbl)/10−4 w(Pbl)/10−5 w(Pbl)/10−6 

800 0.999495 0.99493 0.951475176 0.662229 0.163922016 

900 0.998532 0.985379 0.870694068 0.402373 0.063082037 

1000 0.996381 0.964643 0.731606832 0.214181 0.026532891 

1100 0.992077 0.925424 0.553531332 0.110294 0.012244963 

1200 0.984465 0.86264 0.38554168 0.059034 0.00623476 

1300 0.972093 0.775381 0.256443019 0.033335 0.003436676 
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Thus, the lead content in tin can be decreased from 10−3 
to 10−4 with vacuum distillation, the total alloy 
evaporated is 0.09+0.14=0.23 kg, and the compositions 
are 39.1% Pb and 60.9% Sn. 

Similarly, to reduce the lead content from 10−4 to 
10−5 at 1200 °C in 100 kg alloy, the evaporation of the 
lead is 100×(10−4−10−5)=0.009 kg. 

If w(Pbl)=10−5 at 1200 °C, then w(Sng)/w(Pbg)= 
(1−0.06)/0.06, and the evaporation of the tin is 9×10−3× 
(1−0.06)/0.06=0.149 kg. 

Namely, removing the lead from 10−4 to 10−5, the 
total alloy evaporation is 0.149 kg, and the components 
are 6% Pb and 94% Sn. 

By the calculation above, lowering the lead content 
to below 10−4 is feasible, and even to 10−5 is possible. 
The higher the lead removing degree is, the higher the 
distillation temperature will be required, and the more 
the tin will be evaporated. The amount of the  
evaporated alloy is small and it can be collected and 
refined further. 
 
4 Experimental 
 
4.1 Raw materials 

Two raw materials, crude lead and crude tin, were 
used in the experiments, whose detail compositions are 
listed in Table 6. Lead content in crude lead material is 
77.99%, and 12.21% in crude tin. Lead contents in the 
two materials have a large difference. The separation law 
of the Pb−Sn alloy is over a large lead content ranging 
from 10% to 90%. 
 
Table 6 Raw material composition 

Material w(Sn)/% w(Pb)/% w(Sb)/% w(Cu)/%

Crude lead 21.84 77.99 0.0386 0.0066

Crude tin 85.68 12.21 0.3384 0.8461

Material w(Bi)/% w(As)/% w(Fe)/% w(Ag)/%

Crude lead 0.1141 0.1141 0.0124 0.0124

Crude tin 0.0732 0.0169 0.00780 0.8078

 
4.2 Equipments 

Small-scale and industrialized equipments are both 
developed independently by the National Engineering 
Laboratory for Vacuum Metallurgy of Kunming 
University of Science and Technology. Figure 3 shows 
the internal structure schematic diagram of the vacuum 
furnace used in small-scale experiment. In the furnace, 
crude material placed in graphite crucible is heated and 
melted. As the temperature rises to a certain degree, the 
lead in liquid alloy will be evaporated from the melt and 

solidified rapidly on the condenser. Due to the low vapor 
pressure, tin remained in the crucible, thus the alloy is 
divided into lead and tin. Vacuum degree in the furnace 
keeps at 7 Pa during the experiments. 

Figure 4 shows the diagram of industrialized 
vacuum furnace, in which the molten alloy is pressed 
into vacuum furnace by atmospheric pressure and is 
heated to a high temperature in the furnace. The lead in 
 

 
Fig. 3 Internal structure schematic diagram of vacuum furnace 
used in small-scale experiment: 1—Furnace cover; 2—Furnace 
body; 3—Furnace bottom; 4— Water cooled electrode; 5—
Vapor condenser; 6—Observation hole; 7—Thermal insulation 
layer; 8—Graphite heating element; 9—Graphite crucible 
 

 

Fig. 4 Diagram of industrialized vacuum furnace: 1—Vacuum 
furnace; 2—Exhaust tube; 3—Tin outlet pipe; 4—Vacuum 
pump; 5—Inlet system; 6—Transformer; 7—Lead outlet pipe 
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the alloy will be first vaporized and condensed into 
liquid on the condenser; the liquid lead will flow out of 
the furnace through outlet pipe and be collected at last. 
Owing to the low vapor pressure, tin keeps at liquid state 
and flows out of the furnace and is collected finally.  
Thus, the Pb−Sn alloy is separated into the lead and the 
tin. The equipment can continuously run over 30 d; 
fragile components and parts would be maintained or 
replaced in about 20 h. Daily treatment capacity is above 
10 t and the average electricity consumption is 600 
kW·h/t. Vacuum degree in the furnace keeps at about  
0.5 Pa. 
 
4.3 Conditional experiments 
4.3.1 Small-scale experiments 

1) Crude lead material 
Figure 5 shows temperature and time dependence of 

the product component. From Fig. 5(a), it can be seen 
that, after being distilled at 900 °C, lead purity in the 
volatile keeps over 99%. After being distilled at 950 °C, 
lead purity in the volatile keeps over 98% in Fig. 5(c). 
Lead purity decreases with the increase of the 
temperature. In Fig. 5(b) and Fig. 5(d), as the distillation 
temperature increases and distillation time lengthens, the 
lead content in the residue decreases and the tin content 

increases. The lead content in crude tin (residue) 
decreases to 6.37% at 900 °C and to 1.29% at 950 °C, 
after being distilled for 60 min. The residue obtained 
here can be mixed with crude tin material and purified 
with another distillation. 

Lead and tin contents of all experiments were 
analyzed by atomic absorption spectrometry, and 
analysis precision was limited to 0.01%. Therefore, lead 
content in refined tin can only guarantee to be less than 
0.01%, and the value can satisfy the demand and is 
acceptable. 

2) Crude tin material 
Due to a lower lead content in crude tin material, it 

must be distilled at a higher temperature to guarantee the 
vapor pressure of the lead which is higher than the 
residue pressure in the furnace. Crude tin material was 
distilled at 1000 °C and 1100 °C, respectively. Figure 6 
shows temperature and time dependence of the product 
component for crude tin material. As shown in Fig. 6(d), 
after being distilled at 1100 °C for 40 min, lead contend 
in tin decreased to less than 0.01%, the expected target 
was reached successfully. Lead purity is below 99% as a 
result of higher distillation temperature, as shown in  
Figs. 6(a) and (c). 

 

 
Fig. 5 Time and temperature dependence of product component: (a) Volatile component at 900 °C; (b) Residue component at 900 °C; 
(c) Volatile component at 950 °C; (d) Residue component at 950 °C 
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Fig. 6 Time and temperature dependence of product component: (a) Volatile component at 1000 °C; (b) Residue component at 1000 
°C; (c) Volatile component at 1100 °C; (d) Residue component at 1100 °C 
 
4.3.2 Industrialized experiments 

1) Crude lead material 
On the basis of the small-scale experiment, the 

continuous industrialized experiments for crude lead 
were chosen at 950 °C, and the feeding rate was about 
410 kg/h, treatment capacity was 10 t/d. Fluctuation of 
product compontent in 5 randomly selected experiments 
is shown in Fig. 7. 

Figure 7 shows the fluctuation of product compon- 
tent. As shown in Fig. 7(a), the lead purity in the volatile 
keeps over 99.5%, and tin content keeps at 0.05%. This 
illuminates large evaporation in the lead and almost no 
evaporation in tin. In Fig. 7(b), lead content in the residue 
decreases from 77.99% to 8%, and tin purity is around 
91%. The residue obtained here can be mixed with crude 
tin material and purified with another distillation. 

2) Crude tin material 
For crude tin material, the lead cannot be removed 

from 12.21% to 0.01% directly by only once distillation, 
and it must be distilled two times. 

In the first distillation, crude tin material was 
distilled at 1100 °C. Feeding rate was around 350 kg/h, 
and daily treatment capacity was 8 t. Fluctuation of 
product component in 5 randomly selected experiments 

is shown in Fig. 8. 
Figure 8 shows the fluctuation of product 

compontent through first distillation. As shown in    
Fig. 8(b), the lead content in crude tin material can be 
reduced from 12% to 0.2%. In Fig. 8(a), because of the 
high distillation temperature, a certain degree of 
evaporation occurs on the tin, and this leads to the lead 
purity in the volatile decreasing to around 88%. As the 
distillation temperature is very high, partial tin in the 
alloy will evaporate and the purity of the volatile (crude 
lead) will decrease. But the amount of the volatile is very 
small, only accounts for 14% (experimental data) of the 
material. The volatile can be collected and mixed with 
crude lead material and can be refined further. 

The residue (crude tin) produced from the first 
distillation was collected and dealt by the second 
distillation; the lead in the tin was removed to less than 
0.01%. It was distillated at 1200 °C, feeding rate was 
~350 kg/h, and daily treatment capacity was 8 t. The 
composition of the volatile (crude lead) is 70% Pb and 
30% Sn. It can also be collected and mixed with the 
crude lead material and can be refined further. 
Fluctuation of product component in 5 randomly selected 
experiments is shown in Fig. 9. 
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Fig. 7 Fluctuation of product component in small-scale experiment: (a) Volatile component; (b) Residue component 
 

 
Fig. 8 Fluctuation of product component after the fist distillation: (a) Volatile component; (b) Residue component 
 

 
Fig. 9 Fluctuation of product component after the second distillation: (a) Volatile component; (b) Residue component 
 
 
5 Results and discussion 
 

Based on the detailed small-scale and industrialized 
experiments above, the vacuum distillation treatment of 
Pb−Sn alloys over a large component range (Pb 
10%−90%) was designed. As shown in Fig. 10, the crude 

lead material (30%−90% Pb) can be distilled at 900 °C, 
lead purity in the volatile keeps over 99.5%, and the 
residue can be mixed with crude tin material in which the 
lead content is 10%−30%. The lead content in the 
residue or crude tin (10%−30% Pb) can be finally 
reduced to less than 0.01% after two times of distillation, 
at 1050 °C and 1150 °C, respectively. The volatiles after  
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Fig. 10 Flow chart of distilling Pb−Sn alloy 
 
two times of distillation both can be mixed with crude 
lead (30%−90% Pb) and be purified repeatedly. Thus, the 
Pb−Sn alloy with lead content of 10%−90% can be 
treated by only vacuum distillation. Lead and tin will 
both be recovered, and the final product is above 99.5% 
crude lead and refined tin with lead content less than 
0.01%. This treatment progress can replace the old 
crystallizer refining progress. Refining progress of 
Pb−Sn alloy has been simplified. This progress has been 
popularized and applied in some large or middle 
enterprises home and abroad, and certain economic 
benefit has been achieved. 
 
6 Conclusions 
 

1) Activity coefficients of Pb−Sn alloy were 
predicted with MIVM, and the agreement with the 
available experimental value was acceptable. The key 
parameters were provided to thermodynamic calculation. 

2) Small scale and industrialized experiments were 
done with crude lead and crude tin materials, respectively. 
Lead content in refined tin was successfully reduced to 
less than 0.01% and separation raw of total component 
Pb−Sn alloy with vacuum distillation was summarized. 

3) Vacuum distillation treatment progress of total 
component Pb−Sn alloy was put forward and the final 

product was above 99.5% crude lead and refined tin with 
lead content less than 0.01%. The feasibility and 
economic benefit of this progress were tested in practice. 
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摘  要：采用分子相互作用体积模型计算在 777 °C 时不同 Pb 含量铅锡合金的活度系数，结果与实验值符合较好。

对 800~1300 °C 全成分范围内铅锡合金的活度系数进行预测，为铅锡金真空蒸馏分离提供必要的热力学参数。对

两种不同铅含量的铅锡合金进行小型和工业实验，将锡中的铅含量降至 0.01%以下。设计全成分范围的铅锡合金

真空蒸馏处理流程，对铅含量 10%~90%的铅锡合金经真空蒸馏处理后可得到纯度为 99.5%的粗铅和铅含量在

0.01%以下的精锡。 

关键词：铅锡合金；分子相互作用体积模型；真空蒸馏；活度系数 
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