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ABSTRACT: At present, the refining of crude solder has many drawbacks
such as high energy consumption, high environmental pollution, equipment
corrosion, and low current efficiency. Therefore, a new technique for refining
crude solder is of great practical importance. In this work, the electrorefining of
crude solder in methanesulfonic acid (MSA) medium was studied. The
conductivities of tin�MSA solutions had been measured and modeled to
characterize the electrolyte. The effects of the electrorefining conditions on the
electrorefining process were investigated systematically. The cell voltage,
current efficiency, and fine solder appearance were used to characterize the
electrorefining performance. Some operating parameters of the electrorefining
process are established as follows: current density 207 A/m2, tin concentration 120−160 g/L, free-MSA concentration 90−120 g/L,
electrode spacing 4 cm, and temperature 305.15−315.15 K. Under these conditions, the average cell voltage is 0.30 V and the
current efficiency is 99.31%. The total content of tin and lead of the fine solder with good product appearance is >99.99%. This
technique offers low energy consumption, high productivity, and low environmental pollution.

1. INTRODUCTION
Tin compounds, due to their special physical and chemical
properties, are widely used in solders, chemical industry, tin
plate, glass, electronic, catalysts, and so on.1 The main refining
techniques of crude solder are pyrorefining and electrorefining.2

The pyrorefining process brings some drawbacks such as high
energy consumption and high environmental pollution. In
contrast, electrorefining has a lot of advantages, such as high
recovery of precious metals, low energy consumption, and low
environmental pollution. The electrolytes used in the electro-
refining of crude solder are mainly acidic electrolytes and alkali
electrolytes.3−6 Compared with alkali electrolytes, acidic
electrolytes have more advantages such as stabilization and
low production costs; therefore, they aremore widely used in the
industry. At present, sulfuric acid and silicofluoric acid are acidic
electrolytes. Unfortunately, some problems such as environ-
mental pollution, equipment corrosion, high energy consump-
tion, and low current efficiency are also exposed in the
electrorefining process in the electrolytes, as mentioned before.7

Therefore, a new electrolyte for the electrorefining of crude
solder is of great practical importance. MSA has some properties
including low toxicity, high saturation metal salt solubility, high
conductivity, wider operating window, and ease of effluent
treatment.8 Furthermore, the metal ions in the solution are not
easy to oxidize and hydrolyze.
In recent years, MSA, as a new green electrolyte, has been

used in some researches. Bingjie Jin9 studied crude lead
electrorefining in MSA medium. Finally, >99.99% pure lead

with good product appearance is obtained at a widely operating
parameter range. In comparison to tin or tin alloy electroplating
from MSA medium,10−12 the literature on electrorefining
process of crude solder in MSA medium is inadequate.
In this work, the conductivities of tin−MSA solutions were

measured to characterize the electrorefining medium, and the
electrorefining process of crude solder in MSA medium was
investigated. The variables of interest in electrorefining behavior
are current density, tin concentration, free-MSA concentration,
electrode spacing, and temperature.

2. MATERIALS AND METHODS
2.1. Materials. The crude solder plates, which were used as

anodes, were obtained from a company in China. The chemical
composition is given in Table S1. 316 L stainless steel sheets,
which were used as cathodes, were available in the hydro-
metallurgical laboratory of the Kunming University of Science
and Technology. Reagents such asMSA (≥99.0 wt %), stannous
methanesulfonate solution (50 wt %), and stannous oxide
(99.99 wt %) were also provided by the company. The solutions
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that were used in the experiments were prepared with stannous
oxide, MSA, and deionized water.
2.2. Equipment. The conductivity test equipment was a

DDS-307A conductivity meter from Inesa Scientific Instrument
Co., Ltd. The main electrorefining equipment included a
constant temperature water bath, a GEP891126 AC DC power
supplier, a voltmeter, and a self-made rectangular cell.
2.3. Experimental Principle. The electrochemical system

for electrorefining of crude solder in the MSA medium is as
follows:

| |

+

+ +316 L Stainless steel ( ) Sn , H , CH SO Crude solder

( )

2
3 3

The main anodic reaction and cathodic reaction under direct
current are expressed by eq 1 and the reverse reactions,
respectively.

= ++Sn Sn 2e2 (1)

In the electrorefining process, metal couples with higher
reduction potentials such as silver, copper, arsenic, and
antimony will not dissolve into the electrolyte and eventually

Figure 1. Effect of temperature, tin concentration, and free-MSA concentration on conductivities of tinMSA solutions. (a) 298.15 K, (b) 318.15 K, (c)
333.15 K, and (d) 353.15 K.

Figure 2. Comparison of calculated and tested values of conductivities.
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be left as the anode slime. Less noble metals such as Fe, Zn, Al,
Cd, and Ni with lower potentials will preferentially dissolve at
the anode but cannot be reduced at the cathode and accumulate
in the electrolyte.
2.4. Procedures. 2.4.1. Conductivity Test. In order to

determine the conductivity of stannous methylate under
predetermined conditions, a theoretical amount of stannous
oxide powder was weighed accurately according to eq 2 and
mixed with 30 mL of deionized water in a 100 mL round-
bottomed flask. Then, a theoretical amount of MSA was added
into the round-bottomed flask using a buret. The dissolution
process of stannous oxide powder was carried out in a constant
temperature oil bath under 398.15 K. When the stannous oxide
powder was dissolved completely, the tin−MSA solution in the
round-bottomed flask was transferred into a 100 mL measuring
flask, and the volume was made up to 100 mL. A sample of 10
mL of the solution was placed in a test tube, which in turn was
placed on a test tube holder for performing the conductivity test.
The test solution was fresh in each bath test.

+ = +SnO 2CH SO H Sn(CH SO ) H O3 3 3 3 2 2 (2)

2.4.2. Electrorefining Process. The anode of area 6 cm2 and
cathode of area 9 cm2 were masked with insulation tape to
expose only the active areas. The reaction area of the electrodes
was cleaned with distilled water. Then, the electrodes were
dried, weighed, and placed in a 250 mL rectangular
polypropylene plastic cell. The electrodes were connected to a
DC power supply and a voltmeter. The electrolyte was fed into
the cell and circulated by peristaltic pump, the DC power was
turned on, and the electrorefining time was recorded with a

timer. When each electrorefining experiment was complete, the
anode and cathode were taken out of the cell. The fine solder was
washed with distilled water, dried at room temperature, and then
weighed. The anode slime was separated from the anode scrap
and electrolyte, washed with deionized water, and dried in an
oven for 24 h. The fine solder was dissolved, and then, the
chemical compositions were analyzed by AAS or ICP-MS. The
appearance and surface morphology were recorded by camera or
SEM, respectively. In the electrorefining process, the effects of
tin concentration, free-MSA concentration, current density,
electrode spacing, and temperature were investigated system-
atically. The cell voltage was measured by voltmeter at 15-min
intervals. The cathodic current efficiency was calculated by eq 3
according to the product that mainly contained tin.

=
× ×

×C
m

I t Q
100%

(3)

where:
Q is the electrochemical equivalent in 2.215 g/A·h
m is the fine solder weight in g
I is the current in A
t is the time in h.
All electrorefining experiments were conducted based on the

conditions provided in Table S2.

3. RESULTS AND DISCUSSION
3.1. Conductivity of Tin−MSA Solution. The conductiv-

ities of tin−MSA solutions were measured at temperatures
ranging from 298.15 to 353.15 K, tin concentrations ranging

Figure 3. Effect of current density on cell voltage and current efficiency (tin concentration 130 g/L, free-MSA concentration 120 g/L, electrode
spacing 4.0 cm, temperature 295.15 K, 4 h; (b) 137 A/m2, (c) 172 A/m2, (d) 207A/m2, and (e) 230 A/m2).
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from 10 to 200 g/L, and free-MSA concentrations ranging from
10 to 300 g/L. The test range of conductivity is enough to guide
the electrorefining process of crude solder fromMSAmedium in
this work. The results are shown in Figure 1.
The results indicate that the conductivities of tin−MSA

solutions increase with an increase of the free-MSA concen-
tration and temperature, respectively, and decrease with an
increase of tin concentration for free-MSA concentrations of
10−300 g/L. A mathematical model for all of the conductivities
developed by SPSS statistical software is given as eq 4.

= + [ ] + [ ]T Sn MSA209.38 0.733 0.136 0.076 (4)

where:
σ is the conductivity, in mS/cm
T is the temperature in K
[Sn] is the tin concentration in g/L
[MSA] is the free-MSA concentration in g/L
The calculated and measured values are compared in Figure 2

and show very good agreement. The relative mean square of
errors was calculated as 0.21 (eq 5).

=
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ÅÅÅÅÅÅÅÅÅÅÅ
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1 ( )
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N
cal tested

2

cal
2

1/2

(5)

3.2. Electrorefining Behavior. 3.2.1. Effect of Current
Density. The effect of current density on current efficiency, cell
voltage, and surface appearance of the fine solder was studied.
Figure 3a indicates that the cell voltage increases from 0.19 to
0.43 V when the current density increases from 137 to 230 A/

m2. It is because the cell voltage is positively correlated with the
current density. The current efficiency increases from 93.25% to
99.71% when the current density increases from 137 to 230 A/
m2. This is because the overpotential for hydrogen evolution at
the cathode increases with an increase of current density, which
leads to further reducing the possibility of hydrogen production
and thus increasing the current efficiency. When the current
density is 210 A/m2, the current efficiency is close to 100%, so
even if the current density is increased to 230 A/m2, the increase
in current efficiency is negligible.
Figure 3b−e shows that the surface appearance of the fine

solder is smooth at 137−207 A/m2. However, coarse crystalline
particles are generated on the cathodic surface when the current
density increases to 230 A/m2. It may be because the growth of
nuclei is faster than the generation of nuclei at high current
densities. At the same time, the mass of the fine solder increases
with increasing current density, which will inevitably result in
rougher deposits. Considering the cell voltage, current
efficiency, and fine solder appearance, a current density of 207
A/m2 is reasonable for further experimentation.
3.2.2. Effect of Tin Concentration. The effect of tin

concentration on cell voltage and current efficiency is shown
in Figure 4a. It can be seen that the current efficiency increases
from 93.53% to 99.99% when the tin concentration increases
from 90 to 180 g/L. This is due to the fact that the rate of the
electrochemical reduction of Sn (II) increases with increasing
concentration according to the reverse reaction of eq 1.
Meanwhile, the amount of tin involved in the reduction at the
cathode surface is limited and the mass transfer rate is low when

Figure 4. Effect of tin concentration on cell voltage and current efficiency (current density 207 A/m2, free-MSA concentration 120 g/L, electrode
spacing 4.0 cm, temperature 295.15 K, 4 h; (b) 90, (c) 120, (d) 160, and (e) 180 g/L).
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the initial tin concentration in the electrolyte is low. However,
the mass transfer rate increases with an increase of tin
concentration. Figure 4 also shows that the cell voltage increases
with an increase in tin concentration. It increases from 0.30 to
0.48 V when the tin concentration increases from 90 to 180 g/L.
This is because the conductivity of the solution gradually
decreases with an increase of tin concentration, which coincides
with the previous studies of conductivity of tin−MSA solution
with varying tin concentrations.
Figure 4b−e shows the effect of tin concentration on the

surface appearance of the fine solder. The obvious dendritic
crystals generate at the cathodic edge when an initial tin
concentration is 90 g/L and the dendrites become more obvious
with an extension of electrolysis time. This is due to the fact that
the electric field is not uniform. The ions preferentially discharge
at the dendritic crystals, which suffer stress at the edges.
Furthermore, it is easy to cause a concentration polarization at
the cathodic edge and the bulk electrolyte at a low concentration
of tin. The concentration difference between the surface of the
cathode and the bulk electrolyte becomes smaller with an
increase of tin concentration. At the same time, the growth
opportunities of crystal particles are equal in all directions. So,
the fine solder grows uniformly and densely under a tin
concentration of 120−180 g/L. Considering the cell voltage,
current efficiency, and fine solder appearance, a tin concen-
tration from 120 to 160 g/L is reasonable for further
experimentation.
3.2.3. Effect of Free-MSA Concentration. The effect of free-

MSA concentration on cell voltage and current efficiency is
shown in Figure 5a. It shows that the current efficiency increases

from 97.11% to 99.34% and cell voltage decreases from 0.59 to
0.35 V with an increase of free-MSA concentration from 30 to
120 g/L, respectively. These results coincide with the observed
conductivities of tin−MSA solutions.
Figure 5b−e shows the effect of the free-MSA concentration

on the surface appearance of the fine solder. The results show
that the grains of the fine solder were deposited at coarse size and
the fine solder was not dense with an increase of free-MSA
concentration. It was because of the increase of hydrogen
evolution on the cathode. Considering the cell voltage, current
efficiency, and fine solder appearance, a free-MSA concentration
from 90 g/L to 120 g/L is reasonable for further
experimentation.
3.2.4. Effect of Electrode Spacing. The effect of electrode

spacing on cell voltage and current efficiency is shown in Figure
6a. It shows that cell voltage increases from 0.31 to 0.49 V with
an increase of electrode spacing from 2.5 to 7.0 cm. The main
reason is that the resistance of the electrolyte and migration
distance of ions between the cathode and anode increases with
an increase of electrode spacing. However, if the electrode
spacing is too short, it is easy to cause a short circuit between the
cathode and anode. At the same time, the electrode spacing has
no obvious effect on the current efficiency which maintains
between 99.36% and 99.87%.
Figure 6b−e shows the effect of electrode spacing on the

surface appearance of the fine solder. The surface appearance
became worse when the electrode spacing was beyond 4.0 cm.
The diffusion distance of ions was longer, but the strength of
electric field near the cathode surface was basically the same. It
may be the reason why the reduction of tin ions was too late to

Figure 5. Effect of free-MSA concentration on cell voltage and current efficiency (current density 207 A/m2, tin concentration 130 g/L, electrode
spacing 4.0 cm, temperature 295.15 K, 4 h; (b) 30 g/L, (c) 50 g/L, (d) 90 g/L, and (e) 120 g/L).
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arrange orderly and the crystal growth uniformity needed to be
further improved. Considering the cell voltage, current
efficiency, and fine solder appearance, the optimum electrode
spacing appeared to be 4.0 cm.
3.2.5. Effect of Temperature. The effect of temperature on

cell voltage and current efficiency is shown in Figure 7a. The
figure shows that the average cell voltage decreases from 0.25 to
0.20 V as the temperature increases from 295.15 to 323.15 K. It
is mainly as a result of the conductivities of tin−MSA solutions
increasing with an increase of temperature. When the temper-
ature is low, the migration rate of ions in the electrolyte is slow,
while the migration speed of ions is strengthened with an
increase of the electrolyte temperature. In practice, the
comprehensive energy consumption of the electrorefining
process must be considered. Although increasing the electro-
refining temperature can reduce the specific energy con-
sumption, energy may be required to heat or cool the electrolyte.
Furthermore, high temperature can cause evaporation of the
electrolyte, deterioration of workshop environment, and shorten
the service life of electrolytic cell. In the range of experimental
temperature, the current efficiency (>99.3%) increases slightly.
The effect of electrorefining temperature on the surface

appearance of the fine solder is presented in Figure 7b−e. When
the temperature was low, the migration rate of ions in the
electrolyte was slow, which may have caused the concentration
difference of ions, and hence, the cathodic surface and the metal
gloss was poor. The concentration difference at the cathodic
surface was weakness when the migration speed of ions was
strengthened with an increase of the electrolyte temperature.

However, hydrogen overpotential decreases with an increase of
electrolyte temperature, which will reduce the current efficiency
and worsen the cathode morphology. Considering the cell
voltage, current efficiency, and fine solder appearance, the
electrorefining temperature from 305.15 to 315.15 K was
reasonable for further testing.
3.2.6. Optimum Condition Experiment. According to the

optimization conditions obtained from the previous conditional
experiments, the experiment was performed under current
density 207 A/m2, tin concentration 130 g/L, free-MSA
concentration 120 g/L, electrode spacing 4.0 cm, and temper-
ature 305.15 K, and the electrorefining of the crude solder was
carried out for 24 h. Table S3 shows the chemical composition of
fine solders. The total content of tin and lead of the fine solder
with good product appearance is >99.99%. Figure 8a−d shows
the surface appearance and morphology of the fine solder after
24 h of electrorefining. The results show that the crystal growth
on the fine solder is uniform.
The cell voltage increased over time (Figure 8e). This is due

to the increasing amounts of slime that contribute to a higher
anodic polarization and the concentration of metal ions that
contributes to lower conductivities of the electrolyte. In the
whole process, the average cell voltage is 0.30 V and the current
efficiency is 99.31%.

4. CONCLUSION
(1) The electrorefining process of the crude solder from MSA
medium is an attractive alternative to conventional technology.

Figure 6. Effect of different electrode spacing on cell voltage and current efficiency (current density 207 A/m2, tin concentration 130 g/L, free-MSA
concentration 100 g/L, temperature 295.15 K, 4 h; (b) 2.5 cm, (c) 4.0 cm, (d) 5.5 cm, and (e) 7.0 cm).
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Figure 7. Effect of temperature on cell voltage and current efficiency (current density 207 A/m2, tin concentration of 130 g/L, free-MSA concentration
100 g/L, electrode spacing 4 cm, 4 h; (b) 295.15 K; (c) 305.15 K; (d) 315.15 K; and (e) 325.15 K).

Figure 8. (a−d). Surface appearance andmorphology of the fine solder. (e) Relationship between cell voltage and electrorefining time (a, camera; b,×
500; c, × 1000; d, × 3000; current density 207 A/m2, tin concentration 130 g/L, free-MSA concentration 120 g/L, electrode spacing 4.0 cm,
temperature 305.15 K, 24 h).
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It offers low energy consumption, high productivity, and low
environmental pollution.
(2) The conductivities of tin−MSA solutions increase with an

increase of free-MSA concentration and temperature, respec-
tively. However, they decrease with an increase of tin
concentration in the solution for free-MSA concentrations of
10−300 g/L. A mathematical model for all the conductivities is
developed as

= + [ ] + [ ]T209.38 0.733 0.136 Sn 0.076 MSA

(3) The cell voltage of the electrorefining process increases
with an increase of tin concentration, current density, and
electrode spacing and decreases with an increase of free-MSA
concentration and temperature. The current efficiency of the
electrorefining process increases with an increase of current
density, free-MSA concentration, tin concentration, and
temperature. However, the electrode spacing has no significant
effect on the current efficiency.
(4) The operating parameters of the electrorefining process

are established as follows: current density 207 A/m2, tin
concentration 120−160 g/L, free-MSA concentration 90−120
g/L, electrode spacing 4 cm, and temperature 305.15−315.15 K.
Under these conditions, the average cell voltage is 0.30 V and the
current efficiency is 99.31%. The total content of tin and lead of
the fine solder with good product appearance is >99.99%.
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