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Abstract: A new hydrometallurgical process based on the methanesulfonic acid system was proposed to extract the 
bismuth efficiently from by-products of lead smelting. The bismuth extraction process included electrorefining, 
oxidation leaching, and electrodeposition. The optimum conditions of the bismuth extraction process were determined 
by a single-factor test. The bismuth plate with a purity of 99.8% was obtained under the optimum conditions. Cyclic 
voltammetry and linear sweep voltammetry were applied to investigating the cathode reaction mechanism of 
electrorefining. The results show that lead deposition, bismuth deposition, and hydrogen evolution occur at the cathode, 
and the reactions of metals deposition are irreversible and diffusion-controlled. In addition, decreasing the temperature 
and acidity can improve the purity of the cathodic product (lead powder) in the electrorefining process. 
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1 Introduction 
 

Lead concentrate and secondary lead-bearing 
resources, containing lead and other valuable metals 
such as antimony, bismuth, arsenic, copper, and 
silver, are the primary raw materials for lead 
smelting [1,2]. Most valuable metals fall off during 
the electrorefining process along with a small 
amount of undissolved lead, forming the anode 
slime, which is usually smelted to separate and 
recover the valuable metals with high added   
value [3]. A certain amount of lead alloy is 
produced at the bottom of the furnace and 
accumulates as the smelting continues. Some 
problems can arise with the increase of alloy’s 
volume, such as low smelting efficiency and 
equipment corrosion. Therefore, it is necessary to 
recycle the alloy at the bottom of the furnace after a 
particular production period [4]. The recovery of 

bismuth from the alloy is significant because there 
is a large amount of bismuth in the alloy, usually 
more than 20% [5]. 

Nowadays, the main methods for the 
extraction and recovery of bismuth include hydro-   
metallurgy [6], pyrometallurgy [7], and physical 
method [8]. HE et al [9] proposed the technology of 
lead anode slime treatment by “pressure oxidation 
alkaline leaching—crude bismuth alloy casting—
bismuth electrolysis” process, with the recovery 
rate of bismuth over 98%. CHEN et al [10] studied 
a bismuth recovery technology in the H2SO4−NaCl 
system, and the sponge bismuth with a purity of  
90% was obtained after leaching and filtration. 
LUCHEVA et al [11] reported carbon thermal 
reduction for the recovery of copper ash-bearing 
bismuth and lead. After the pretreatment process 
(leaching by NaOH) and reduction smelting process, 
the yield rates of bismuth and lead reached 65% and 
80%, respectively. 
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It is difficult to recover bismuth from the 

lead-based alloy. Although antimony can be 
recovered effectively by pyrometallurgy, it is 
challenging to separate lead and bismuth [12,13]. 
The hydrometallurgical separation method has the 
disadvantages of low leaching rate and long 
reaction time. Also, high content of bismuth in the 
alloy limits the traditional electrorefining in a 
silicofluoric acid system [14−16]. In this work, an 
“electrorefining — oxidation leaching — electro- 
deposition” process was proposed based on 
methanesulfonic acid (MSA) system, which can 
extract high-purity bismuth efficiently when 
obtaining crude lead powder and antimony residue. 
First of all, The MSA solution can dissolve lead and 
bismuth selectively to separate antimony [17]. 
Secondly, the lead electrorefining in the MSA 
system can effectively avoid anode passivation 
caused by high bismuth content. Finally, it is an 
environmentally friendly process that can reduce 
waste water through solution recycling.  

 
2 Experimental 
 
2.1 Materials, reagents, and equipment 

Raw materials used in this study are the lead 
alloy from the bottom of the furnace, resulting from 
the smelting process of the anode slime in a 
lead-smelting enterprise in China. The variety and 
content of metallic elements in the homogenized 
sample of lead-based alloy scraps are shown in 
Table 1. 
 
Table 1 Main element content of lead alloy bearing high 
antimony and bismuth (wt.%) 

Sb Bi Pb Cu Ag 
15.70 22.20 61.20 0.71 0.14 

 
All reagents, including CH4O3S, H2O2, Bi2O3, 

and PbO are analytically pure. The solutions for 
electrolysis and leaching were prepared using 
distilled water. The temperature control equipment 
was the DF−101S magnetic water bath kettle. 
IT6721 DC power was used for electrolysis, and the 
electrochemical test was conducted on the Chenhua 
CHI670E electrochemical workstation. 
 
2.2 Process experiment 
2.2.1 Procedure 

Figure 1 illustrates the experiment flow chart. 

The lead methanesulfonate solution was used as the 
electrolyte for electrorefining, and the products of 
anode and cathode were bismuth-rich anode slime 
and raw lead powder, respectively. With hydrogen 
peroxide as the oxidant, the bismuth-rich anode 
slime was leached by MSA solution. The antimony 
and silver were recovered firstly from the leaching 
residue. After that, the electrodeposition process 
was carried out on the leaching solution, and then 
the electrolyte was recovered and used to leach 
bismuth-rich anode slime. Therefore, in theory, this 
process took place in a closed circuit. 
 

 
Fig. 1 Experiment flow chart 
 
2.2.2 Electrorefining 

Lead-based alloy and graphite plate were 
served as anode and cathode, separately. The 
electrolyte was prepared with MSA and PbO, and 
the initial concentration of Pb2+ was 40 g/L. The 
effects of MSA concentrations, anode current 
density, and temperature on the composition of 
anode slime and cathode products, anode current 
efficiency, and energy consumption were 
investigated in a beaker cell with 500 mL 
electrolyte. The anode current efficiency and energy 
consumption were calculated using Eqs. (1) and (2), 
respectively. The element contents of products, 
including anode slime and cathode product, were 
analyzed by ICP and XRF. 

C
a

L
100%m

m
η = ×                           (1) 

L
1000 UItW

m
= ×                           (2) 

where ηa is anode current efficiency, i.e. the 
electrorefining efficiency (%); mC and mL are the 
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mass of the cathode product and the anode mass 
loss, respectively (g); U is the voltage (V); I is the 
current (A); t is the reaction time (h); W is the DC 
power consumption (kW·h/t). 
2.2.3 Oxidation leaching 

The leaching and oxidizing agents are 
respectively, MSA and hydrogen peroxide, and the 
scale for the single-factor test is 20 g of the 
bismuth-enriched anode slime per test. The effect of 
concentration of MSA, solid/liquid ratio, dosage  
of the oxidizing agent, leaching time, reaction 
temperature on leaching efficiency was studied. 
Equation (3) presents the calculation formula of 
leaching efficiency. The content of the main 
element and phase in leachate and leaching residue 
was analyzed by ICP, XRF, and XRD.  

l
B

100%cV
wm

η = ×                          (3) 
 
where ηl is the leaching efficiency (%); mB is the 
mass of the bismuth in anode slime (g); w is the 
content of the bismuth in anode slime (%); c is the 
concentration of Bi3+ in leaching solution (g/L); V is 
the volume of the leaching solution (L). 
2.2.4 Electrodeposition 

With graphite as anode and 316L stainless 
steel as the cathode, the impacts of concentration of 
Bi3+ and cathode current density on the cathode 
current efficiency and energy consumption were 
investigated in a beaker cell with 500 mL 
simulation electrolyte. The computational formula 
of cathode current efficiency is shown in Eq. (4). 
The XRD, XRF, ICP, and SEM were performed to 
analyze the plates’ purity and morphology.  

B
c

c
100%m

q It
η

′
= ×                          (4) 

 
where ηc is the cathode current efficiency (%); m′B is 
the mass of bismuth in the cathode (g); qc is the 
electrochemical equivalent for Bi3+ to Bi, and the 
value is 2.599 g/(A·h). 
 
2.3 Electrochemical experiment 

Electrochemical experiments were performed 
in a three-electrode cell. A 316L stainless steel 
electrode (effective area of 7.065 mm2) was used  
as the working electrode, a high-purity platinum 
sheet (effective area of 1 cm2) was worked as the 
auxiliary electrode, and the reference electrode was 
the saturated calomel (mercurous sulfate) electrode. 

Before the electrochemical tests, the working 
electrode was polished with metallographic 
sandpapers of 1200 and 3500 grit and then rinsed 
with ethanol solution and distilled water. 
 
3 Results and discussion 
 
3.1 Process experiment 
3.1.1 Electrorefining 
3.1.1.1 Single factor test results 

Under conditions of a temperature of 30 °C, a 
cathode current density of 300 A/m2 and a reaction 
time of 3 h, the anode mass loss, the electrorefining 
efficiency, and the mass and the element content of 
anode slime and cathode product were investigated 
at the MSA concentrations of 1, 2, 3, and 4 mol/L, 
as demonstrated in Fig. 2 and Table 2. 

As the concentration of MSA increases, there 
is a moderate decline that could be found in the 
anode mass loss, the mass of anode slime, and the 
content of lead in anode slime, while the proportion 
of bismuth in anode slime increases. However, 
when the MSA concentration exceeds 3 mol/L, the 
anode mass loss and the lead content in anode slime 
increase sharply, and the mass of anode slime rises 
while bismuth content in anode slime drops, 
indicating that the dissolving capacity of the system 
to alloy is significantly enhanced. Nevertheless, as 
the dissolution rate increases, many anode alloys 
fall into anode slime before completing dissolution, 
which is not conducive to the lead deposition at the 
cathode and the separation of lead and bismuth. In 
addition, with the increase of MSA concentration, 
the mass of the cathode product generally remains 
stable at a certain level, and the electrorefining 
efficiency gradually ascends. However, when    
the MSA concentration becomes 4 mol/L, the 
electrorefining efficiency and the product mass 
decline dramatically with more energy consumption 
because of anode passivation. Under a condition  
of high MSA concentration, the purity of lead 
recovered in the cathode product cannot be 
guaranteed, while the bismuth recovery increases 
steeply, even reaching 50%. As a result, the 
optimum MSA concentration is 3 mol/L. 

The effect of current density (300, 400, 500, 
and 600 A/m2) on the electrorefining process was 
investigated at 30 °C, an MSA concentration of 
3 mol/L, and a reaction time of 3 h. The results are 
shown in Fig. 3 and Table 2. 
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Table 2 Main element contents of anode slime and cathode product in different conditions 

Factor Value
Content in anode slime/wt.% Content in cathode product/wt.% 

Pb Bi Sb Pb Bi Sb 

Concentration of 
MSA/(mol·L−1) 

1 19.49 58.87 10.42 75.51 23 0.42 

2 4.72 70.32 10.73 98.35 0.91 0.09 

3 3.12 73.50 10.43 96.95 2.19 0.22 

4 36.23 40.62 10.87 50.12 47.05 0 

Cathode current  
density/(A·m−2) 

300 3.12 73.50 10.43 96.95 2.19 0.22 

400 2.62 75.12 10.72 98.58 0.80 0 

500 1.81 75.31 10.43 99.43 0 0 

600 20.31 50.42 10.41 76.51 20.52 0.12 

Temperature/°C 

30 3.12 73.50 10.43 98.58 0.80 0 

45 3.08 72.20 10.82 96.95 0.82 0 

60 3.02 72.13 10.72 96.56 0 0 
 

 
Fig. 2 Effect of concentration of MSA on electrorefining process: (a) Anode mass loss and mass of anode slime;       
(b) Mass of cathode product and electrorefining efficiency 
 

 
Fig. 3 Effect of current density on electrorefining process: (a) Anode mass loss and mass of anode slime; (b) Mass of 
cathode product and electrorefining efficiency 
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An increase in the current density can improve 
the capacity of anode dissolving. Meanwhile, the 
mass of anode slime also exhibits a notable     
rise. However, when the current density reaches 
600 A/m2, the anode slime composition is 
significantly different from that at other current 
densities, with prominently higher lead content. As 
current density increases, the current and voltage 
also rise to a certain extent, which accelerates the 
alloy dissolution, making the part of lead 
components in the alloy fail to start the dissolving 
reaction timely. Then, the undissolving lead falls 
into the electrolytic cell along with other unreacted 
metals. In addition, the overhigh current density 
may cause the over oxidation of lead to Pb4+, and 
the Pb4+ does not dissolve in this system [18,19]. As 
the current density rises, the mass of the cathode 
product increases with a ladder-typed increase of 
electrorefining efficiency. It may be due to the 
uneven distribution of elements in the preparation 
process (casting) of the electrolytic anode used. 
Although we have done several experiments to 
reduce the experimental errors caused by the 
uneven distribution of elements in the anode, some 
errors are still unavoidable. Although lead is the 
main component in cathode products when the 
current density is 600 A/m2, high content of 
bismuth plays an unfavorable role in the subsequent 
process. This phenomenon results from the 
promotion of bismuth dissolution caused by the 
ascension of current density. Since the standard 
electrode potential of bismuth is higher than that of 
lead, bismuth deposition is preferred. So, to obtain 
the cathode product with higher purity in 
electrorefining, the current density should not be set 
to be too high. As a result, the cathode current 
density should not exceed 600 A/m2 during 
electrorefining, and the optimal value is 500 A/m2. 

Three tests at different temperatures were 
carried out: 30 °C (room temperature), 45 °C 
(actual production temperature), and 60 °C (high 
temperature). Furthermore, other conditions were 
controlled at the current density of 500 A/m2, the 
MSA concentration of 3 mol/L, and the reaction 
time of 3 h. The test results are shown in Table 2 
and Table 3. 

The results demonstrate that temperature 
variations have no significant effect on the anode 
mass loss and the mass of cathode products,   
while they may exhibit some influence on the 

Table 3 Effect of temperature on electrorefining process 

Temperature/
°C 

Anode 
mass 
loss/g

Mass of 
anode 

slime/g 

Mass of 
cathode 

product/g 

Electrorefining
efficiency/ 

% 

30 24.11 11.56 1.02 47.90 

45 23.50 11.85 1.35 50.43 

60 23.33 12.70 2.08 54.40 

 
electrorefining efficiency: both DC power 
consumption and bismuth content in the cathode 
decline to some extent. Hence, there is no 
significant difference in the electrorefining process 
with temperature changing. It is more appropriate to 
perform electrorefining at room temperature (30 °C) 
because of energy saving. 
3.1.1.2 Comprehensive condition test results 

The optimum condition of electrorefining with 
a temperature of 30 °C, a current density of 
500 A/m2, and an MSA concentration of 3 mol/L 
was obtained by single-factor test and applied to the 
comprehensive condition test. The cathode products 
and anode slime were recovered after performing 
the electrolysis for 24 h with a cycle period of 8 h. 
Table 4 reveals the comprehensive condition test 
results, and Table 5 illustrates the main element 
contents in anode slime and cathode products. 
 
Table 4 Comprehensive condition test results of 
electrorefining 
Anode 
mass 
loss/g

Mass of 
anode 

slime/g

Mass of 
cathode 

product/g 

Electro- 
refining 

efficiency/% 

DC power 
consumption/

(kW·h·t−1)

78.60 48.90 19.70 63.30 535.00 

 
Table 5 Main element contents in anode slime and 
cathode product of comprehensive condition test (wt.%) 

Sample Pb Bi Sb Ag Cu 

Anode slime 2.26 75.32 10.59 6.42 3.82

Cathode product 91.31 7.71 0.33 0 0 

 
As shown from the above results, the lead 

powder and bismuth-rich anode slime are obtained 
through the electrorefining process. The separation 
of lead, bismuth, and antimony can be effectively 
achieved. The contents of antimony, lead, and 
bismuth in lead powder in the cathode are 0.33, 
91.31, and 7.71 wt.%, respectively. The contents of 
bismuth, antimony, and silver in anode slime are 
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75.32, 10.59, and 6.42 wt.%, respectively, with a 
lower amount of copper and lead involved. 
3.1.2 Oxidation leaching 
3.1.2.1 Single factor test results 

The oxidation leaching process was studied by 
adding an oxidant (hydrogen peroxide) to the 
leaching process. In this process, the oxidation 
reaction of bismuth in bismuth-rich anode slime 

occurs, and the bismuth ion enters to solution by the 
double-replacement reaction between oxidative 
product and MSA. The test conditions and results 
are shown in Fig. 4. 

As the concentration of MSA increases from 
1−4 mol/L (Fig. 4(a)), the concentration of bismuth 
ions in the solution exhibits a slight rise, and the 
leaching efficiency of bismuth also changes from 

 

 
Fig. 4 Leaching efficiency of Bi under different conditions: (a) 30 °C, solid/liquid ratio S/L=1:10, ma/mt=1.5 (ma is 
actual oxidant dosage; mt is theoretical oxidant dosage), 30 min; (b) 30 °C, c(MSA)=4 mol/L, ma/mt=1.2, 30 min;     
(c) 30 °C, c(MSA)=4 mol/L, S/L=1:10, 30 min; (d) 30 °C, c(MSA)=4 mol/L, S/L=1:10, ma/mt=1.5; (e) c(MSA)=  
4 mol/L, S/L=1:10, ma/mt=1.2, 60 min 
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79.64% to 85.45%. However, when the MSA 
concentration continues to grow beyond a certain 
limit (5 mol/L), the leaching efficiency of bismuth 
shows an opposite trend, with a slight decrease to 
84.82%. This phenomenon can be explained by the 
fact that the leaching reaction is difficult to occur 
due to the passivation of metals in the high acidity 
condition. Since the subsequent electrodeposition of 
bismuth requires certain acidity, the optimal MSA 
concentration is determined to be 4 mol/L. With an 
increase in liquid volume (Fig. 4(b)), the leaching 
efficiency of bismuth gradually rises while the mass 
of the residue gradually declines. When the 
solid/liquid ratio reaches 1:10, the leaching 
efficiency of bismuth climbs to 84.38%. A high 
liquid/solid ratio results in a large liquor volume, 
which improves the mixing effect of the anode 
slime particles and leaching reagent, which is 
favorable to leaching reaction. Although a high 
solid/liquid ratio is beneficial to improving the 
leaching efficiency of bismuth, it also leads to a 
decrease in the concentration of Bi3+ in the solution, 
which is adverse to the subsequent bismuth’s 
electrodeposition. Therefore, the best solid/liquid 
ratio is 1:10. Figure 4(c) illustrates that as the 
dosage of hydrogen peroxide increases, the leaching 
efficiency of bismuth rises significantly. When the 
actual amount of hydrogen peroxide is 0.8 times the 
theoretical amount, the leaching efficiency of 
bismuth is only 66.78%, which manifests that the 
bismuth in the raw material cannot be entirely 
oxidized by hydrogen peroxide. Therefore, an 
adequate dosage of hydrogen peroxide is the 
premise of the high leaching efficiency of bismuth. 
When the oxidant is injected into the anode slime, it 
may break down before reacting with the bismuth 
that needs to be oxidized. So, the amount of 
hydrogen peroxide added during leaching should be 
higher than the theoretical amount. When the actual 
amount of hydrogen peroxide is 1.5 times the 

theoretical value, the leaching efficiency of bismuth 
reaches the maximum of 85.45%. As a result, the 
leaching efficiency of bismuth is optimal when the 
actual amount of hydrogen peroxide is 1.5 times the 
theoretical value. The leaching efficiency of 
bismuth reaches the maximum of 92.23% at a 
leaching time of 60 min (Fig. 4(d)). When the 
leaching time is more than 60 min, the leaching 
efficiency of bismuth keeps stable at about 92%. 
Hence, the optimal leaching time is 60 min. 
According to Fig. 4(e), with the increase of 
leaching temperature, the leaching efficiency of 
bismuth remains stable at first. Furthermore, it 
decreases with the increase of temperature because 
the oxidant we choose is hydrogen peroxide, and 
the oxidant breaks down faster at higher 
temperatures. When the temperature is higher than 
40 °C, hydrogen peroxide’s oxidation performance 
worsens, leading to a low leaching efficiency. As a 
result, the optimal temperature is 40 °C. 
3.1.2.2 Comprehensive condition test results  

An expanded comprehensive test was carried 
out with 50 g of the anode slime as raw material. 
The test condition was as follows: a temperature  
of 40 °C, a solid/liquid ratio of 1:10, an MSA 
concentration of 4 mol/L, a hydrogen peroxide 
dosage of 1.5 times the theoretical value, and a 
leaching time of 60 min. When bismuth is leached, 
it is completely oxidized by adding hydrogen 
peroxide drop by drop. The test results are shown in 
Table 6, and the XRD analysis result of the leaching 
residue is shown in Fig. 5. 

It can be seen from Table 6 that the leaching 
efficiency of bismuth in the comprehensive test is 
86.20%, and antimony is basically concentrated in 
the residue, indicating that the separation of 
antimony and bismuth is achieved. It is found that 
the concentration of bismuth in the leaching 
solution reaches 40.40 g/L, while the concentrations 
of other metal ions are relatively low, which is 

 
Table 6 Analysis of element equilibrium during bismuth leaching in comprehensive condition 

Element Content in anode 
slime (50 g)/wt.% 

Concentration in leaching
solution (668 mL)/(g·L−1)

Content in leaching  
residue (18.20 g)/wt.%

Leaching equilibrium 

Residue/% Solution/% Error/%

Bi 75.32 40.40 31.20 18.14 86.20 +4.34

Sb 10.59 0.02 23.10 103.60 − +3.60

Pb 2.26 1.66 0.89 12.51 85.64 −2.85

Cu 3.82 0.85 1.59 38.53 66.67 +5.20

Ag 6.42 − 8.44 100 − − 
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Fig. 5 XRD pattern of leaching residue under 
comprehensive condition 
 
favorable to the bismuth electrodeposition process. 
Bismuth accounts for 18.14% of the mass in the 
residue. Figure 5 illustrates that the bismuth in the 
residue mainly exists in the form of bismuth silver 
alloy (Ag4Bi), which is difficult to be oxidized  
into corresponding metal oxides under the general 
oxidation conditions, thus resulting in relative 
difficulties in leaching [20]. 
3.1.3 Electrodeposition 
3.1.3.1 Single factor test results 

The bismuth electrodeposition test at different 
cathode current densities of 200, 300, 400, and 
500 A/m2 was performed under a temperature of 
30 °C, an MSA concentration of 4 mol/L, a Bi3+ 
concentration of 60 g/L, and a reaction time of 4 h. 
The results are shown in Figs. 6 and 7. 

With the gradual increase of current density, 
the current efficiency of bismuth electrodeposition 
moves up first, and then goes down. Under the  
 

 
Fig. 6 Effect of current density on cathode current 
efficiency and DC power consumption 

 

 
Fig. 7 Macroscopic morphologies of product at different 
cathode current densities: (a) 200 A/m2; (b) 300 A/m2;  
(c) 400 A/m2; (d) 500 A/m2 

 

condition of a cathode current density of 300 A/m2, 
the current efficiency of bismuth electrodeposition 
reaches the maximum of 98.74%. When the cathode 
current density continues to grow, the cathode 
current efficiency gradually declines due to 
hydrogen evolution promoted by high current 
densities. Both metal deposition and hydrogen 
evolution reactions occur on the cathode, so the 
current efficiency of metal deposition will drop. 
Optical photographs of the corresponding 
electrodeposited products at different current 
densities demonstrate that the bismuth plates 
produced by electrodeposition are compact and 
smooth when the current density is 300 A/m2. 
However, the bismuth plate becomes porous and 
fluffy when the current density is more than 
300 A/m2, illustrating an inferior plate forming 
effect. Therefore, the optimal cathode current 
density is 300 A/m2. 

Figures 8 and 9 reveal the bismuth electro- 
deposition test results under a temperature of 30 °C, 
an MSA concentration of 4 mol/L, a reaction time 
of 4 h, and Bi3+ concentrations of 40, 60, 80, and 
100 g/L. 

Figure 8 shows that the current efficiency at 
cathode gradually rises as the concentration of 
bismuth ion increases. When the concentration   
of bismuth ion exceeds 60 g/L, the cathode    
current efficiency fluctuates slowly. When Bi3+ 
concentration surpasses 80 g/L, the cathode current 
efficiency is close to 100%. After calculation, the 
cathode current efficiency can even reach 101% 
when the Bi3+ concentration is 100 g/L, which    
is unreasonable. This is because a small amount of 
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Fig. 8 Effect of concentration of Bi3+ on cathode current 
efficiency and DC power consumption 
 

 
Fig. 9 Macroscopic morphologies of cathode at different 
concentrations of Bi3+: (a) 40 g/L; (b) 60 g/L; (c) 80 g/L; 
(d) 100 g/L 
 
bismuth may be oxidized on the bismuth plate’s 
surface during the processes of acquiring, stamping, 
and drying. When the concentration of Bi3+ in the 
system is low, hydrogen evolution takes place 
preferentially on the cathode, resulting in increased 
energy consumption and poor morphology (Figs. 8 
and 9). When the concentration of Bi3+ increases to 
a certain value sufficient Bi3+ capable of acquiring 
electrons near the cathode will inhibit hydrogen 
evolution reaction. As a result, higher bismuth ion 
concentration of 60−100 g/L will result in better 
electrodeposition. 
3.1.3.2 Comprehensive condition test results 

Electrolyte for comprehensive tests was the 
leaching solution obtained from the leaching 
process of oxidative anode slime. The electro- 
deposition was carried out for 6 h at 30 °C and a 
cathode current density of 300 A/m2. The process 
parameters of the comprehensive condition test for 

bismuth electrodeposition and the cathode bismuth 
composition are reported in Tables 7 and 8, 
respectively. Figure 10 presents the macroscopic 
morphology and SEM images of the cathode 
bismuth plate, while Fig. 11 reveals the XRD 
patterns of cathode bismuth. It should be noted that 
the concentration of Bi3+ in the leaching solution 
reached 93.36 g/L in the comprehensive condition 
test, which was obtained by cyclic leaching     
(the condition of cyclic leaching is the optimal 
condition, which obtained by single-factor test. The 
first leaching solution was returned to leach raw 
 
Table 7 Process parameters of bismuth electrodeposition 
comprehensive conditions test 

Average 
current/A

Average 
voltage/V

Cathode  
current 

efficiency/% 

DC power 
consumption/ 

(kW·h·t−1) 
0.39 1.50 92.45 624.50 

 
Table 8 Main element contents of cathode bismuth 
(wt.%) 

Bi Pb Cu Sb Ag 

99.80 0.057 0.073 0.010 0.003 

 

 

Fig. 10 Macroscopic morphology (a) and SEM images  
(b) of cathode bismuth in comprehensive condition 
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Fig. 11 XRD patterns of cathode bismuth under 
comprehensive condition 
 
bismuth-rich anode slime, and it will repeat three 
times to achieve the purpose of enrichment of Bi3+). 

The comprehensive condition test shows that 
the bismuth plate obtained from the leaching 
solution possesses a dense morphology, and the 
bismuth plate’s purity can reach 99.80%. 
Nevertheless, the SEM images show that the 
bismuth plate’s morphology is spherical, especially 
on the edge of the plate. The spherical structure 
makes it difficult for bismuth to grow at the plate, 
and the main reason for the spherical structure is 
that the additive fails to act fully in the 
electrodeposition. 
 
3.2 Electrochemical experiment results 

The electrochemical tests were performed to 
investigate the reaction mechanism and the ion 
chemical behavior at the cathode in the 
electrorefining process to get the cathode product 
with high purity. 
3.2.1 Cyclic voltammetry 

Firstly, the effect of different reference 
electrodes on the results of the electrochemical test 
was investigated. SCE and MSE were used as 
reference electrodes for the test at a temperature of 
35 °C, a Bi3+ concentration of 15 g/L, a Pb2+ 
concentration of 75 g/L, an MSA concentration of 
4 mol/L, and a scanning rate of 100 mV/s. After the 
test, the standard electrode potential obtained at 
35 °C with SCE as the reference electrode was 
taken as a reference, and the experimental results 
with MSE as the reference electrode were processed 
(0.480 V). The results are shown in Fig. 12. 

 

 
Fig. 12 Cyclic voltammetry curves using different 
reference electrodes after processing 
 

It can be seen from Fig. 12 that, without 
considering the difference in the standard potential 
of the reference electrode, the curves obtained by 
using MSE and SCE as reference electrodes have a 
similar trend. When MSE is used as the reference 
electrode, the peak intensity (area) of bismuth and 
lead is lower than that of SCE. The MSE is filled 
with the K2SO4 saturated solution. At the beginning 
of the experiment, a small amount of 2

4SO −  entered 
into the solution through the reference electrode and 
reacted with Pb2+ and Bi3+ to precipitate, which 
reduced the concentration of metal ions and thus 
affected the intensity of precipitation peak (area) of 
Pb and Bi. Secondly, a small amount of Cl− will not 
precipitate with Pb2+ because of the higher 
solubility of PbCl2 (compared with PbSO4). 
Meanwhile, Cl− will gradually move towards the 
anode after entering the solution, so the influence 
on the cathode reaction is not significant. Therefore, 
we chose SCE as the reference electrode for the 
following electrochemical tests. 

The cyclic voltammetry curves are shown in 
Fig. 13, with different scanning rates (5, 10, 20, 50, 
and 100 mV/s) at 35 °C, a Bi3+concentration of 
15 g/L, a Pb2+concentration of 75 g/L, and an MSA 
concentration of 4 mol/L. 

For the cyclic voltammetry curve obtained 
with the scanning rate of 5 mV/s, a reduction peak 
is observed at around −0.05 V (vs SCE) when the 
scanning potential moves from positive to negative. 
According to the standard electrode potentials of 
metals, Bi deposition should occur at first. As   
the scanning potential continues to move toward   
a negative direction, a prominent reduction peak  
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Fig. 13 Cyclic voltammetry curves at different scanning 
rates 
 
is found at about −0.42 V (vs SCE), where Pb 
deposition should occur. The scanning potential 
continues towards the negative direction, and when 
the potential is −0.57 V (vs SCE), the current 
suddenly increases, illustrating the occurrence of 
hydrogen evolution. When the scanning potential 
starts to return, the current is 0 at the potential of 
−0.40 V (vs SCE), suggesting the beginning of the 
electrorefining process. As the scanning potential 
goes back to the positive, two peaks representing 
metal dissolution appear, corresponding to lead and 
bismuth. The peak currents of bismuth and lead 
electrodeposition gradually climb with increasing 
the scanning rate, and the peak potential also 
changes. The calculation formulas of the potential 
peak for reversible and irreversible reactions are 
shown in Eqs. (5) and (6), respectively. The former 
potential does not change with scanning rate, while 
the latter is related to the scanning rate, suggesting 
that electrodeposition and reduction of bismuth and 
lead are irreversible [21].  

p 1/2 1.109 RT
nF

ϕ ϕ= −                        (5) 

1/21/2
0

p
0

0.780 ln lnDRT αFv
αF k RT

ϕ ϕΘ
  = − + +  

   
    (6) 

 
where φp is the peak potential (V); φ1/2 is the half 
peak potential (V); R is the molar gas constant 
(J/(mol∙K)); T is the temperature (K); n is the 
number of electrons gained; F is the Faraday’s 
constant (C/mol); φΘ is the standard electrode 
potential (V); α is the transfer coefficient; D0 is the 
diffusion coefficient (m2/s); k0 is the reaction rate 

constant; v is the scanning rate (mV/s). 
For an irreversible reaction, the relationship 

between the scanning rate and the peak current (Ip) 
complies with Eq. (7):  

5 1/2 1/2 1/2
p 0 02.99 10I nAC α D v= ×                (7) 

 
where Ip is the limiting current density (mA/m2); A 
is the dimensionless frequency factor; C0 is the 
initial concentration of metallic ion concentration. 

The fitting curve between the scanning rate’s 
square root and the peak current is plotted in 
Fig. 14. 
 

 
Fig. 14 Diagrams showing relationship between 
reduction peak currents and square root of scanning rates: 
(a) Bi; (b) Pb 
 

In Fig. 14, there are suitable fittings between 
peak currents and scanning rates, with fitting 
coefficients of 0.9923 and 0.9974 for Bi and Pb, 
respectively, indicating that the metals (Bi and Pb) 
deposition reactions in the electrorefining process 
are controlled by diffusion [22,23]. 
3.2.2 Linear polarization 
3.2.2.1 Effect of temperature on electrorefining 

The cathode polarization curves at a Bi3+ 

concentration of 15 g/L, a Pb2+ concentration     
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of 75 g/L, an MSA concentration of 4 mol/L, a 
scanning rate of 50 mV/s, and temperatures of 20, 
35, 45, and 55 °C are shown in Fig. 15. 
 

 
Fig. 15 Cathode polarization curves at different 
temperatures 
 

Two peaks appear as the potential decreases, 
and these two peaks are the deposition peaks of 
bismuth and lead, respectively. When the 
temperatures are 25, 35, 45, and 55 °C, the initial 
reduction potentials of bismuth are −0.080, −0.060, 
−0.040, and −0.030 V (vs SCE), respectively. In 
contrast, the initial reduction potentials of lead are 
stable, at about −0.425 V. This phenomenon 
clarifies that increasing temperature has little effect 
on the initial reduction potential of lead, but it is 
beneficial to bismuth deposition. Because the ion 
moves slowly at a low reaction temperature, and a 
more significant potential is needed as a driving 
force to enable Bi3+ to reach the cathode and 
participate in the reaction. However, due to the high 
concentration of Pb2+ in the solution, there are many 
Pb2+ ions near the cathode taking in the reaction, 
which do not affect the reduction potential 
obviously. In addition, with increasing the 
temperature, the reduction currents of bismuth and 
lead increase to a certain extent, indicating that the 
reaction will be accelerated by rising temperature 
due to the speed-up of ion movement. Therefore,  
a low temperature is not conducive to the 
electrorefining reaction and the bismuth deposition. 
As a result, the electrorefining process should be 
conducted at a lower temperature to improve the 
lead’s purity in the cathode product. 
3.2.2.2 Effect of H+ concentration on electrorefining 

The cathodic polarization curves at a 
Bi3+concentration of 15 g/L, a Pb2+ concentration of 

75 g/L, a temperature of 35 °C, a scanning rate of 
50 mV/s, and MSA concentrations of 1, 2, 3, and 
4 mol/L are shown in Fig. 16. 
 

 
Fig. 16 Cathode polarization curves at different acidities 
 

With the increase of the concentration of    
H+ (1, 2, 3, and 4 mol/L), the initial reduction 
potentials of bismuth increase, and the values    
are −0.140, −0.120, −0.100, and −0.080 V      
(vs SCE), respectively. This indicates that a high 
concentration of H+ favors bismuth deposition. 
However, the initial reduction potentials of lead 
decrease from −0.410 to −0.425 V (vs SCE) when 
the concentration of H+ climbs from 1 to 4 mol/L, 
which illustrates that lead can be deposited more 
quickly in the low acidity condition. Based on the 
comparison of the change of the initial reduction 
potentials of bismuth and lead, different change 
trends of the initial reduction potentials of lead and 
bismuth can explain the electrode property of the 
cathode. With the deposition of bismuth, the 
electrode property of the cathode will change to the 
steel−bismuth alloy, and the high the bismuth 
content is, the lower the conductivity is, so it is 
necessary to decrease the content of bismuth in the 
cathode electrode [24]. In addition, the potential of 
hydrogen evolution reaction on the cathode will 
decrease with the increase of H+ concentration. 
When the concentrations of H+ are 1, 2, 3, and 
4 mol/L, the potentials of hydrogen evolution 
reaction are −0.705, −0.672, −0.635, and −0.600 V 
(vs SCE), respectively. This indicates that H+ has a 
noticeable effect on electrorefining. The above 
analysis reveals that the low concentration of H+ 
inhibits bismuth deposition and hydrogen evolution 
by increasing the reduction potential and promotes 
lead deposition by decreasing the reduction 
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potential. As a result, the electrorefining should be 
carried out under a low concentration of MSA, 
which can improve the purity of lead in the cathode 
and inhibit hydrogen evolution reaction to improve 
the current efficiency. 

 
4 Conclusions 

 
(1) A new hydrometallurgical process based on 

the methanesulfonic acid system can extract 
bismuth effectively from the by-products (lead alloy 
bearing high bismuth and antimony) of lead 
smelting. 

(2) The optimal conditions of the whole 
processes are as follows: for the electrorefining 
process, the bismuth-rich anode slime and the raw 
lead powder were obtained at an MSA 
concentration of 3 mol/L, a cathode current density 
of 500 A/m2, and a temperature of 30 °C; for the 
oxidation leaching process, the leachate and 
antimony−silver residue were obtained at an MSA 
concentration of 4 mol/L, a solid/liquid ratio of 1:10, 
a hydrogen peroxide dosage of 1.5 times of the 
theoretical amount, a leaching time of 60 min, and a 
temperature of 40 °C; for the bismuth 
electrodeposition process, the cathode bismuth with 
the current efficiency of 92.45% and the purity of 
99.8% was obtained at a cathode current of 
300 A/m2, and a concentration of Bi3+ larger than 
60 g/L. 

(3) During the electrorefining process, three 
reactions occur at the cathode, namely lead 
deposition, bismuth deposition, and hydrogen 
evolution, and the reactions of metals deposition are 
both irreversible and diffusion-controlled. In 
addition, decreasing the temperature and acidity can 
improve the purity of the cathode product in the 
electrorefining process. 
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摘  要：为有效提取铅冶炼副产物中的铋，提出一种基于甲基磺酸体系的湿法提铋新工艺。提铋工艺包括电精炼、

氧化浸出和电沉积。通过单因素试验确定提取铋的最佳工艺条件。在最优工艺条件下，得到纯度为 99.8%的铋    

板。采用循环伏安法和线性扫描伏安法研究电解精炼的阴极反应机理。结果表明，铅和铋的沉积及氢析出反应均

为不可逆反应，且反应的控制步骤为扩散控制；另外，电解精炼过程中，较低的反应温度和酸度可以提高阴极铅

粉的纯度。 
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