
metals

Article

Separation of Sn, Sb, Bi, and Cu from Tin Anode Slime by
Solvent Extraction and Chemical Precipitation

Wei-Sheng Chen, Shota Mesaki * and Cheng-Han Lee *

����������
�������

Citation: Chen, W.-S.; Mesaki, S.;

Lee, C.-H. Separation of Sn, Sb, Bi,

and Cu from Tin Anode Slime by

Solvent Extraction and Chemical

Precipitation. Metals 2021, 11, 515.

https://doi.org/10.3390/met11030515

Academic Editor: Jean-François Blais

Received: 5 March 2021

Accepted: 18 March 2021

Published: 21 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Resources Engineering, National Cheng Kung University, Tainan 701, Taiwan;
kenchen@mail.ncku.edu.tw
* Correspondence: mesaki913@gmail.com (S.M.); happy980074@gmail.com (C.-H.L.)

Abstract: Tin anode slime is a by-product of the tin electrolytic refining process. This study investi-
gated a route to separate Sn, Sb, Bi, and Cu from tin anode slime after leaching with hydrochloric acid.
In the solvent extraction process with tributyl phosphate, Sb and Sn were extracted into the organic
phase. Bi and Cu were unextracted and remained in the liquid phase. In the stripping experiment, Sb
and Sn were stripped and separated with HCl and HNO3. Bi and Cu in the aqueous phase were also
separated with chemical precipitation procedure by controlling pH value. The purities of Sn, Sb, Cu
solution and the Bi-containing solid were 96.25%, 83.65%, 97.51%, and 92.1%. The recovery rates of
Sn, Sb, Cu, and Bi were 76.2%, 67.1%, and 96.2% and 92.4%.

Keywords: tin anode slime; tributyl phosphate; antimony; bismuth; solvent extraction;
chemical precipitation

1. Introduction

Tin anode slime is a by-product of the tin electro-refining process. It is precipitated at
the bottom of the refining tank and mainly contains Sn, Sb, Bi, Cu, Ag, and Si. In recent
years, there has been an increasing interest in recovering secondary resources to achieve
the goal of material sustainability [1,2]. Owing to the valuable and complex metals in tin
anode slime, developing an appropriate and environmentally friendly process to recover
tin anode slime is required. However, research into treating copper anode slime have been
studied in detail [3–5]. But there are relatively few studies focusing on recovering tin anode
slime with a hydrometallurgical method [6].

One of the main components of tin anode slime, bismuth, is rapidly used in the
field of semiconductors, the pharmaceutical industry, and in cosmetic products [7–9].
Additionally, another component, antimony, was widely used as flame retardant synergist,
opacifying agent, and catalyst [10–12]. As the US Geological Survey described [13–15],
bismuth production is often a byproduct of the lead ore process, and only accounts for
0.001% of the Earth’s crust constitution. Antimony is also a critical metal on the Earth.
Secondary antimony resources supplied about 14% of US domestic consumption, but it
is mostly recovered in lead smelters of the lead-acid battery industry. Thus, not only in
terms of environmental perspective but also for avoiding the shortage of bismuth and
antimony resources, investigating a proper method to treat and recover tin anode slime is a
considerable issue.

In the whole recovery process, suitable separation procedures could make the recovery
system much effective and complete. In the present, the studies of separating bismuth,
antimony, and tin from other metals or mediums by the solvent extraction method have
been investigated. Sarkar et al. used Cyanex302 (bis (2,4,4-trimethylpentyl) monothio-
phosphinic acid) with toluene to separate Sn, Sb, and Bi in HNO3 media. Bi and Sb were
extracted into the organic phase and stripped with HNO3 and H2SO4, respectively. In the
contrast, Sn was unextracted and remained in the aqueous phase. The recovery rates of Bi,
Sb, and Sn were 98.4%, 98.3%, and 99.2%. [16] Bandekar et al. separated Sn, Sb, and Bi by
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using PC-88A (2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester) with toluene in HCl
solution. Their result showed that Sn and Sb were extracted, and Bi was unextracted. After
the extraction procedure, Sn and Sb were stripped with HCl and H2SO4, respectively. The
recovery rates of Sn, Sb, and Bi were 99.2%, 99.14%, and 100% [17]. Ahn et al. separated
and purified Sn from impurities including Sb, Bi, Cu, and other metals in hydrochloric
acid solution. Through the extraction process with tributyl phosphate, two scrubbing
processes with HCl, and a stripping process with NaOH, the purity of the final Sn solution
was 98.9%, and the recovery rate of Sn was 67.9% [18]. Except for the solvent extraction
method, a chemical precipitation procedure was also an effective process to separate metals
in solution. Ha et al. used H2O as a precipitating reagent to separate Bi from leaching
liquor containing Cu [19]. Mizoguchi et al. used the precipitation process by controlling the
pH value with ammonia vapor to separate Bi from Cu and Fe in sulfuric acid media [20].

In this study, the solvent extraction method and chemical precipitation process were
selected to separate Sn, Sb, Bi, and Cu from tin anode slime after hydrochloric leaching.
Tributyl phosphate was chosen as the extractant of the solvent extraction process. Sn and Sb
ions were extracted into the organic phase and separated through the stripping procedure
with different stripping agents. Bi and Cu ions that remained in the aqueous phase were
separated by the chemical precipitation process. The parameters of every process were
investigated, and the optimal condition of each procedure was also determined.

2. Materials and Methods
2.1. Materials

In this study, tin anode slime was provided by a material company in Taiwan, and the
main components of tin anode slime are shown in Table 1. After the leaching process with
3.0 M hydrochloric acid, 0.1 M NaClO3, a liquid solid ratio of 30 mL/g, 45 ◦C, and 30 min
for reaction, the residues of tin anode slime containing silver and silicon were filtered out.
The leaching efficiencies of Sn, Sb, Bi, and Cu were 85.2%, 96.93%, 97.63%, and 99.8% [21].
According to the result of HCl leaching, the simulated solution was prepared by dissolving
the chlorides of metals with hydrochloric acid. The concentration of the simulated solution
was presented in Table 2. All the chlorides were of analytical grade and purchased from
Sigma-Aldrich (St. Louis, MO, USA).

Table 1. The components of tin anode slime.

Sn Sb Bi Cu Ag Si

Wt. (%) 52.17 10.89 7.88 16.74 0.64 8.8

Table 2. The concentrations of the simulated solution.

Sn Sb Bi Cu

ppm (mg/L) 14,000 3500 2500 5500

Tributyl phosphate (TBP), the extractant of solvent extraction procedure, was pur-
chased from Alfa Aesar (Haverhill, MA, USA), and the diluent, kerosene, was supplied
by CPC Corporation (Kaohsiung, Taiwan). In the stripping process, HCl and HNO3 were
supplied by Fluka Honeywell (Charlotte, NC, USA), and H2SO4 was purchased from
PanReac AppliChem (Chicago, IL, USA). Sodium hydroxide, which was used to control the
pH value in the precipitation experiment, was supplied by Showa Chemical (Tokyo, Japan).

2.2. Equipment and Experiment Conditions

The concentrations of samples in this study were analyzed by ICP-OES (Industry Cou-
pled Plasma Optical Emission Spectrometry, PerkinElmer Optima 2100DV; PerkinElmer
Inc., Waltham, MA, USA), and pH value was detected by pH meter (SUNTEX pH meter
sp-2300; SUNTEX Instruments Co., Ltd., Saitama, Japan).
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All experiments of this study were operated in room temperature and normal atmo-
spheric pressure.

2.3. Solvent Extraction with TBP

The components of the simulated solution, Sn, Sb, Bi, and Cu, were divided into
two groups through the solvent extraction process. The first group was Sn and Sb, which
would be extracted into the organic phase by TBP. The second group was Bi and Cu,
which remained in the aqueous phase. In this process, 10 mL of simulated solution and an
appropriate volume of TBP solution based on the O/A ratio were placed in a separating
funnel and shaken by a funnel shaker at 3000 rpm. The parameters of solvent extraction
experiment included the concentration of HCl, TBP concentration, O/A ratio, and reaction
time. The extraction efficiency of TBP was calculated by Equation (1).

Extraction percentage (%) =

(
∑[M]org

∑[M]org + ∑[M]aq

)
× 100% (1)

2.4. Stripping Process

After the solvent extraction process, Sb and Sn were extracted into the organic phase.
In the stripping procedure, Sb and Sn were stripped with different stripping agents to
separate. The organic phase solution and stripping agent were taken into separating funnel
and shaken at 3000 rpm. Selection of the stripping agent, the concentration of stripping
agent, O/A ratio, and stripping time were investigated. The stripping percentage was
determined by Equation (2).

Stripping percentage (%) =

(
∑[M]a f ter stripping

∑[M]be f ore stripping

)
× 100% (2)

2.5. Precipitation Experiment

Through the solvent extraction and stripping process, the precipitation procedure
with a controlled pH value was chosen to separate Bi and Cu in the aqueous phase. In
this process, 10 mL of aqueous phase solution was taken into a beaker and stirred with a
magnetic mixer at 300 rpm. The pH value was adjusted by sodium hydroxide solution and
measured by a pH meter. After precipitation, the solution was filtered by a vacuum filter
and the precipitation rate was calculated by Equation (3).

Precipitation rate (%) =

(
∑[M]before precipitation − ∑ [M]a f ter precipitation

∑[M]before precipitation

)
× 100% (3)

2.6. Flow Chart

The flow chart of separation process is shown in Figure 1. The most important steps
are solvent extraction and chemical precipitation.
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Figure 1. Flow chart of separation processes in this study.
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3. Results and Discussions
3.1. Solvent Extraction with TBP
3.1.1. Effect of HCl Concentration

The concentration of HCl was set from 3 M to 8 M with 0.5 M TBP and an O/A
ratio = 1 at 5 min reaction time. Figure 2 shows the result that the extraction percentages of
Sn, Sb, and Cu rose slightly with the increase in HCl concentration. However, the extraction
percentage of Bi was decreased. Compared with other research, the variation of extraction
percentage showed similar correlations between HCl concentration and metal ions [18]. In
order to extract Sb and Sn into the organic phase and keep Bi and Cu in the aqueous phase.
The optimal condition of HCl concentration was chosen as 4 M.
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Figure 2. Extraction percentages of metals at different concentrations of HCl. (Tributyl phosphate
TBP) = 0.5 M, O/A ratio = 1, reaction time = 5 min.

3.1.2. Effect of TBP Concentration

TBP concentration was varied from 0.1 M to 1.25 M with 4 M HCl, an O/A ratio = 1,
and the reaction time was 5 min. Fuerstenau et al. revealed that the extraction percentage of
Sn was increased from 90.0% to 97.3% with the increase in TBP concentration from 15 vol%
to 35 vol% [22]. As Figure 3 depicts, the extraction percentages of Sn and Sb were also
increased from 4.79% to 99.72% and 7.14% to 97.57% with the increase in TBP concentration.
However, the extraction efficiency of Bi was dramatically increased when the concentration
of TBP was higher than 1.0 M, and the extraction percentage of Cu was also increased
slightly. To avoid the co-extraction of Bi and Cu, the optimal TBP concentration was chosen
as 1.0 M with which to carry out the extraction process.
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Figure 3. Extraction percentage of metals at different concentrations of TBP. (HCl) = 4 M, O/A
ratio = 1, reaction time = 5 min.
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3.1.3. Effect of O/A Ratio

To investigate the effect of the O/A ratio on extraction, the O/A ratio was studied from
1.0 to 3.0 with 4 M HCl and 1 M TBP at 5 min reaction time. The result was presented in
Figure 4. It can be seen that the extraction efficiency of Bi and Cu was increased obviously
with the increase in O/A ratio. Under this condition, the reaction of trapping Sn and Sb ion
by TBP was almost equilibrium. Thus, the excess TBP started to grab Bi and Cu ions with
the increase in O/A ratio. For the purpose of separation, the optimal O/A ratio was 1.0.
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Figure 4. Extraction percentage of metals at different O/A ratio. (HCl) = 4 M, (TBP) = 1 M, reaction
time = 5 min.

3.1.4. Effect of Reaction Time

To evaluate the effect of reaction time on the extraction process, reaction time was set
from 1 min to 30 min with 4 M HCl, 1 M TBP, and an O/A ratio = 1. Figure 5 showed that
the extraction moved towards equilibrium in 3 min. Thus, the optimal reaction time was
set at 3 min.
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Figure 5. Extraction percentage of metals at different reaction times. (HCl) = 4 M, (TBP) = 1 M, O/A
ratio = 1.

3.1.5. Results of Solvent Extraction with TBP

The solvent extraction process was carried out with the optimal conditions: 4 M HCl,
1 M TBP, and an O:A ratio = 1 at 3 min reaction time. Extraction percentages of Sn, Sb, Bi,
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and Cu are shown in Table 3. Sn and Sb were extracted into the organic phase successfully
while Bi and Cu were almost unextracted and remained in the aqueous phase.

Table 3. Extraction efficiency of Sn, Sb, Bi, and Cu with TBP at optimal conditions.

Sn Sb Bi Cu

Extraction efficiency (%) 99.15 94.78 2.74 1.72

3.2. Stripping Experiment—Sb Stripping
3.2.1. Selection of Stripping Agent

To separate Sb and Sn in the organic phase after solvent extraction process with TBP,
investigating an appropriate stripping agent is essential. Table 4 showed the results of
stripping percentages with different stripping agents. The concentration of each stripping
agent was 9 M, the O/A ratio = 1, and the reaction time was 5 min. As the result, HNO3
was effective in stripping Sn and Sb, and H2SO4 was poor at stripping in this condition.
However, HCl could strip Sb up to 40.02% while the extraction efficiency of Sn was only
1.27%. For the sake of separating Sb and Sn, HCl was chosen as the stripping agent in the
following experiment.

Table 4. Stripping efficiency of Sn and Sb with different 9 M stripping agents.

Stripping Efficiency (%) Sn Sb

HCl 1.27 40.02
HNO3 98.31 68.93
H2SO4 0.08 0.54

3.2.2. Effect of HCl Concentration

The concentration of HCl was studied from 1 M to 9 M with an O/A ratio = 1 at 5 min
reaction time. Figure 6 presents the result that the stripping percentage of Sb was increased
significantly with the increase in HCl concentration. In contrast, the stripping efficiency
of Sn remained the same. For separating Sb and Sn, 9 M HCl was chosen as the optimal
concentration for the stripping experiment.
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Figure 6. Stripping percentage of Sn and Sb at different concentrations of HCl. O/A ratio = 1, reaction
time = 5 min.

3.2.3. Effect of O/A Ratio

To evaluate the effect of the O/A ratio on the stripping process, the O/A ratio was set
from 0.33 to 2 with 9 M HCl and 5 min reaction time. Figure 7 showed that the stripping
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percentages of Sb and Sn were decreased with the increase in O/A ratio. Although the
Stripping efficiency of Sb at O/A ratio 0.33 was highest and up to 49.91%, the stripping
efficiency of Sn was also increased to 6.35%. To strip and purify Sb completely in this
process, an O/A ratio of 1 was chosen as the optimal condition.
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Figure 7. Stripping percentage of Sn and Sb at different O/A ratios. (HCl) = 9 M, Reaction
time = 5 min.

3.2.4. Effect of Reaction Time

The reaction time of the stripping experiment was studied from 1 min to 10 min, and
the result is shown in Figure 8. The stripping reaction tended to move towards equilibrium
at 5 min, and the stripping percentage of Sb did not rise anymore. Thus, the optimal
reaction time of the stripping experiment was 5 min.
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3.2.5. Stripping Efficiency of Repetitive Operation

Since the stripping efficiency of Sb was only 40.02% even in the optimal condition, to
raise the stripping percentages and separate Sb and Sn, repetitive stripping was studied.
The number of stripping times was set from one to four with 9 M HCl, O/A ratio = 1 at
5 min reaction time, and the result is shown in Figure 9. Although the stripping percentage
of Sb was increased the first three times, there was no significant change the fourth time.
Moreover, the stripping efficiency of Sn was still increased the fourth time. To avoid
the decrease in purity, we chose three times as the optimal condition of the repetitive
stripping process.
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3.2.6. Optimal Condition and Result of HCl Stripping

The optimal conditions of the HCl stripping process are shown in Table 5. In this
condition, the stripping percentage of Sb was 81.36%, and Sn was 3.48%.

Table 5. Optimal condition of the HCl stripping experiment.

Concentration of HCL O/A Ratio Reaction Time Number of Stripping Times

9 M 1 5 min 3 times

3.3. Stripping Experiment—Sn Stripping
3.3.1. Effect of HNO3 Concentration

Through the stripping process with HCl, Sb was stripped out from the organic phase.
As Table 4 describes, HNO3 was able to strip Sn effectively. Thus, HNO3 was chosen as the
next stripping agent to operate the Sn stripping experiment. The concentration of HNO3
was varied from 2 M to 9 M with O/A ratio = 0.5 at 5 min reaction time, and the result
is shown in Figure 10. The stripping percentage of Sn was decreased when the HNO3
concentration was lower than 4 M. Thus, 4 M HNO3 was chosen as the optimal condition
in this process.
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3.3.2. Effect of the O/A Ratio

The effect of the O/A ratio was studied from 0.1 to 2 with 4 M HNO3 and 5 min for
reacting. As the result shows in Figure 11, the stripping percentage of Sn was decreased
dramatically when the O/A ratio was higher than 0.5. The optimal O/A ratio was chosen
0.5 so as to decrease the usage of HNO3 without the depression of stripping efficiency.
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3.3.3. Effect of Reaction Time

Figure 12 shows the effect of reaction time, and the reaction time was set from 1 min to
15 min with 4 M HNO3 and an O/A ratio = 0.5. The stripping process reached equilibrium
at 3 min. Hence, we selected 3 min as the optimal reaction time.
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3.3.4. Result of the Stripping Process with HNO3

Table 6 presents the optimal condition of the Sn stripping process. Under this condi-
tion, the stripping percentage of Sn was 98.91%. Compared with the study of Ahn et al.
that used 2.0 M NaOH and 0.5 M HCl as the stripping agents to operate the stripping exper-
iment, the stripping efficiencies of Sn were 99.3% and 82.4%, respectively [18]. Therefore,
HNO3 was also a suitable stripping agent to strip Sn after TBP extraction.
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Table 6. Optimal conditions of the stripping experiment with HNO3.

Concentration of HNO3 O/A Ratio Reaction Time

4 M 0.5 3 min

3.4. Chemical Precipitation Experiment

In the chemical precipitation process, the pH value of the aqueous phase after solvent
extraction was set from 0 to 4.5, and the precipitation percentages of Bi and Cu were
shown in Figure 13. The precipitation rate of Bi and Cu were increased significantly with
the increase in pH value. In order to separate Bi and Cu in this process, we chose a pH
value of 3.3 as the optimal condition. Under this condition, the precipitation rate of Bi
was 99.8%, and Cu was 0.71%. This result corresponded with other research precipitat-
ing Bi from sulfuric acid media. The optimal pH value was also around 3 and Bi was
precipitated completely [20]. The separation method of Bi and Cu in the aqueous phase
was investigated.
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4. Conclusions

This study investigated a hydrometallurgy route to separate Sn, Sb, Bi, and Cu from
tin anode slime in hydrochloric acid media. Moreover, this method could treat and recover
tin anode slime suitably and made valuable metals reusable. It would be also useful to
approach the goal of resource circulation. With the solvent extraction process using TBP,
Sb stripping procedures with HCl, Sn stripping process with HNO3, and Bi precipitation
processes with NaOH, Sn, Sb, Bi, and Cu were separated successfully under the optimal
conditions investigated in this study. After separation, the components of Sn, Sb, Cu
solutions, and Bi-containing solid are shown in Table 7.

Table 7. Components of Sn, Sb, Cu solutions and Bi-containing solid.

Wt (%) Sn-Solution Sb-Solution Cu-Solution Bi-Containing Solid

Sn 96.25 14.97 2.07 0.19
Sb 3.60 83.65 0.33 6.25
Bi 0.09 1.07 0.09 92.10
Cu 0.06 0.31 97.51 1.46

The purities of Sn, Sb, Cu solution and Bi-containing solid were 96.25%, 83.65%,
97.51%, and 92.10%. The recovery rates of Sn, Sb, Bi, and Cu were 76.2%, 67.1%, 96.2%,
and 92.4%.
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