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Abstract: Antimony (Sb) and bismuth (Bi), which have been considered critical raw 
materials by the European Commission, cause inconveniences to copper production when 
they are present as impurities in copper electrorefining solutions. Therefore, ion-exchange 
resins to extract Sb and Bi from copper-containing electrolytes have typically been 
applied; after the adsorption of the metals, the elution step is conducted with an HCl 
solution to desorb them. In the present study, a novel membrane electrolysis system with 
a cation-exchange membrane was proposed to extract Sb and Bi ions from the elution 
solution, and a cyclic voltammetric study was carried out to evaluate the influence of the 
most important operating parameters on the process performance, such as Sb, Bi and HCl 
concentration, dilution factor of the solution, the presence of thiourea as a complexing 
agent, the presence of iron as an impurity, and temperature. The obtained voltammograms 
indicated that the simultaneous presence of the metals in solution alters considerably their 
electrodeposition and oxidation pattern when compared to the solutions with pure metals. 
The reactions of electrodeposition of both metals are not electrochemically reversible and 
the diffusion control for bismuth is greater than that for antimony. The increase in the 
concentration of Sb affects its electrodeposition kinetically, whereas that of Bi is affected 
both kinetically and thermodynamically. The increase in HCl concentration disfavors the 
electrodeposition of both metals. Diluting the solution reduces the energy consumption 
and prolongs the membrane lifespan. Increasing the temperature reduces the cathodic 
potential to deposit the metals but favors the hydrogen evolution reaction. The presence 
of iron as an impurity does not affect the electrodeposition of both metals, whereas the 
use of thiourea as a complexing agent must be avoided because it impairs their 
electrodeposition. 
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1. Introduction 

Technological development is highly dependent on copper due to its important properties, 

such as high electrical and thermal conductivities, as well as ductility, which make it a 

very versatile material [1]. Copper can be obtained in nature from oxide and sulfide ores, 

and the ore type determines the process steps it must undergo, as several purification steps 

need to be conducted for eliminating impurities and obtaining a high-purity copper 

product. In general, sulfide ores are subjected to the following treatment stages: 

comminution, mineral concentration via flotation, pyrometallurgical route (smelting and 

converting) and electrorefining. A detailed description of copper production from sulfide 

minerals can be found in our recent review  [2].  

In the electrorefining step, copper is purified via electrolysis by introducing copper 

anodes into a cell containing an electrolyte composed of sulfuric acid, copper sulfate and 

some additives which improve the quality of the deposit, such as thiourea, bone glue, and 

chloride ions [3]. As electric current is applied, metallic copper at the anode oxidize and 

migrate from the anode towards the cathode, which is the high-purity copper product. At 

the end of electrolysis, some impurities remain at the anode, being called anode scrap. 

Other impurities dissolve along with copper and form an insoluble material referred to as 

anode slime, which is deposited at the bottom of the cell. There are also impurities that 

are released along with copper but remain dissolved in the electrolyte, thus contaminating 

it and hindering copper purification. Among the major impurities that affect copper 

electrorefining, Sb and Bi ions are the most critical ones because their standard reduction 

potentials are similar to that of copper [4], which may lead to cathode contamination, 

anode passivation, while also increasing anode slime production. In this sense, some 

techniques are generally used to treat the contaminated copper electrolyte. One of the 

main methods used is forwarding part of the electrolyte to an electrowinning cell. 

However, this method involves high energy consumption and risks to human health due 

to the formation of the toxic arsine gas [5]. Another method often used is to add arsenic 

into the electrolyte so that the solubility of antimony and bismuth is reduced, leading to 

the deposition of the metals as part of the anode slime. This technique also presents some 

disadvantages, such as the use of additional reagents, the risks associated with the arsenic 

toxicity and the loss of Sb and Bi in the slime [5,6]. 

Antimony and bismuth have been considered critical raw materials by the European 

Commission,  indicating that both metals present high risk of depletion if their obtaining 
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methods are not reevaluated [7,8]. The major limitations faced in obtaining these metals 

in the coming years will be an intense reduction in the content of ores, difficulties in 

exploring remote regions, and high energy costs [7,9]. The main application of Sb is for 

flame-retardants, but it is also used in the production of lead-acid batteries, in the 

electronic industry, in pigments, pesticides, medicines, and detonators. Some of the main 

applications of Bi are the same as those of Sb, in addition to being applied in cosmetics 

and in the pharmaceutical industry [8,10–12]. Bi-Sb alloys are also valuable materials 

with good solderability and high corrosion resistance, being often used as semiconductors 

in electronics [13–16].  

Considering the importance of obtaining Sb and Bi from secondary resources in mining 

processes, several authors have tried to extract them from the copper electrorefining 

solution using alternative methods to the conventional ones, such as  chemical 

precipitation [17,18], activated carbon [19,20], solvent extraction [21,22], chemical 

leaching [23], electrowinning [7], electrodialysis [24], and ion-exchange resins [6,25]. 

The use of ion-exchange resins for this purpose stands out since they have been 

intensively tested in the literature [2], besides being already used industrially worldwide. 

The main parameters evaluated in these studies are the mass of resins, contact time, Sb 

and Bi concentrations, temperature, and use of additives. In addition, authors have 

evaluated the effect of antimony oxidation from Sb(III) to Sb(V) on the ion-exchange 

process, the undesirable precipitation of metals in the resins, and the presence of ferric 

ions as an impurity [6,25–30]. 

After treating the contaminated copper electrolyte by ion-exchange resins, which are 

usually aminophosphonic, it is necessary to carry out the elution step of the adsorbed 

metals. Elution is usually conducted with HCl solutions at a concentration of 5-7 mol/L 

in order to promote ion exchange between protons and the adsorbed metals. In this case, 

Sb and Bi ions are eluted as complex chloride-based anions [6]. Several studies have been 

carried out on the elution stage, mainly to evaluate the influence of resin poisoning by 

Sb(V) and the use of thiourea as a complexing agent [6,26,31,32]. 

The elution solution loaded with Sb(III) and Bi(III) ions is usually treated by fractional 

distillation in order to recover HCl. This method presents disadvantages such as the 

generation of toxic and corrosive Cl2, while also hindering the recovery of the pure 

metals. To the best of our knowledge, there are no critical studies reported in the open 

literature on alternative methods to fractional distillation for treating the elution solution 
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from ion-exchange resins used in copper electrorefining. Cifuentes et al. [4] carried out a 

study on the use of electro-electrodialysis as an alternative method, but the Sb and Bi ions 

were not present in the HCl solutions. Electro-electrodialysis allows for the separation of 

ionic species through membranes selective for anions or cations, while specific reactions 

occur at the electrodes during the electrodeposition of the species [33,34]. This system, 

which is composed of at least two membranes and three compartments, generates a 

diluted solution in one of the compartments and more concentrated solutions in the other 

compartments [35,36]. Although electro-electrodialysis is very versatile, the extremely 

higher concentration of protons compared to Sb and Bi ions can make its use unfeasible 

to treat elution solutions. To overcome this limitation, other techniques should be 

evaluated, and a possible alternative is membrane electrolysis. 

Membrane electrolysis is a process in which the same principles as electro-electrodialysis 

are exploited, but the former is composed of only two compartments separated by a 

cation- or anion-exchange membrane, making it considerably simpler than the latter [35]. 

In membrane electrolysis systems, the desired species are concentrated in one of the 

compartments, while the other species are retained in the other compartment. Thus, its 

efficiency depends strongly on the ionic species present in the electrolyte and the 

operating conditions, such as ion concentration, pH, and temperature [37]. Therefore, 

cyclic voltammetric studies are essential to guarantee the efficiency of membrane 

electrolysis by evaluating the electrodeposition kinetics of the species and determining 

the optimal operating conditions. The use of membrane electrolysis for treating the 

elution solution of ion-exchange resins used in the treatment of copper electrorefining 

solutions may be very promising, as it is an environment-friendly technique which does 

not generate waste, allows the extraction and recovery of valuable metals, such as Sb and 

Bi, and the return of pure HCl to the elution step. However, studies must be carried out 

to make this method technically and economically viable.  

The present work aimed to evaluate, by cyclic voltammetry, the influence of the most 

important operating parameters on the electrodeposition of Sb and Bi present in HCl 

solution in order to foster membrane electrolysis applications. The experiments were 

carried out with synthetic solutions simulating the one generated in the elution step of 

ion-exchange resins used to treat copper electrorefining solutions contaminated with 

those metals. The parameters evaluated were Sb(III), Bi(III) and HCl concentration, 

dilution factor of the solution, the presence of thiourea as a complexing agent, the 
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presence of iron ions as an impurity, and temperature. The electrodeposition kinetics of 

the species were also studied by evaluating the effects of the scan rate on the cyclic 

voltammograms.  

 

2. Materials and Methods 

2.1. Membrane electrolysis cell 

The experiments were conducted in a two-compartment cell separated by a commercial 

cation-exchange membrane. The anode compartment was fed with 100 ml of a H2SO4 

solution, whereas the cathode compartment was fed with 100 ml of the working solution 

composed of HCl, Sb(III) and Bi(III) ions. The solutions were prepared with H2SO4, HCl 

(Química Moderna Ind. e Com. Ltda, Barueri, Brazil), Sb2O3, BiO3 (Dinâmica Química 

Contemporânea, Indaiatuba, Brazil), and distilled water. A potentiostat/galvanostat 

(Autolab PGSTAT 20, Utrecht, The Netherlands) was used for controlling the 

experiments. The tests were performed within the potential range of −1.3 V to 1.5 V. All 

the experiments were conducted in triplicate and the estimated relative error between the 

curves was below 5%. A schematic representation of the cell is presented in Figure 1. 

This cell configuration was used because antimony and bismuth in highly concentrated 

HCl solutions form mainly complex chloride-based anions [6,7]. The cation-exchange 

membrane avoids the migration of these anions, as well as the transport of Cl- ions, 

towards the anode. Thus, the metals are deposited at the cathode without formation of 

gaseous Cl2 at the electrodes, which is corrosive and harmful to human health. 

 

Figure 1 – A schematic representation of the membrane electrolysis cell. 
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The working, reference and counter electrodes were made of titanium, Ag/AgCl and 

platinum, respectively. In the evaluation of the temperature effect, titanium was used as 

working electrode, platinum as reference electrode, and titanium coated with titanium and 

ruthenium oxides (70RuO2/30TiO2) as counter electrode due to the low stability of 

Ag/AgCl at high temperatures. Before each experiment, the working and counter 

electrodes were polished with 240 and 500 emery paper, rinsed with distilled water and 

dried.  

 

2.2. Ion-exchange membrane 

The cation-exchange membrane used was the IONSEP-HC-C, also known as HDX100 

(Hangzhou Iontech Environmental Technology Co., Ltd., China), which is heterogeneous 

and contains sulfonic acid groups. This membrane has been widely used in electrodialytic 

processes [38,39] and its characteristics are described elsewhere [40]. 

 

2.3. Experimental conditions 

The working solution present in the cathode compartment contained 1 g/L of Sb(III) ions, 

0.1 g/L of Bi(III) ions and 6 mol/L of HCl, and its composition was based on the elution 

solution originating from ion-exchange resins used in the copper electrorefining process 

[2]. In the evaluation of the presence of thiourea as a complexing agent, the following 

molar ratios of thiourea/antimony were tested: 0; 0.5; 1.0; 2.0; 3.0. For the evaluation of 

the presence of ferric ions as an impurity, the Fe(III) concentration was set at 0.1 g/L, 

which was based on its concentration in the copper electrolyte reported by Cifuentes et al. 

[41].  

Except for the temperature effect evaluation, the experiments were carried out at room 

temperature (~20ºC). In the temperature evaluation experiments, four working 

temperatures were tested: 20ºC, 30ºC, 40º and 50ºC; before each experiment, the cathodic 

and anodic solutions were heated and kept at 2ºC above the working temperature (22ºC, 

32ºC, 42ºC, 52ºC) for 5 minutes in a beaker containing the electrodes. Then, the solutions 

and electrodes were transferred as quickly as possible to the membrane electrolysis cell 

for conducting the test; the temperature of both solutions in the cell was monitored and 

the experiments were started when the working temperature was reached (20ºC, 30ºC, 

40ºC, 50ºC). The final temperature of the solutions was also measured, which was found 
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to be approximately 2°C below the working temperature (18ºC, 28ºC, 38ºC, 48ºC), 

respectively. Therefore, the temperatures reported herein varied by up to -2ºC due to their 

decrease throughout the experiments. 

The solution in the anodic compartment was composed of H2SO4 containing the same 

molar concentration of protons as the one on the cathodic side. Thus, in most of the tests, 

the H2SO4 solution presented a concentration of 3 mol/L, except for the evaluations of 

the effects of solution dilution and of the HCl concentration in the cathodic solution. 

Table 1 presents the experimental conditions of the experiments performed.  

Table 1 – Experimental conditions of the tests 

Evaluation Experimental conditions 

 
Scan 
rate 

(V/s) 
Sb(III) (g/L) Bi(III) (g/L) HCl (mol/L) Thiourea 

(mol/L) 

Fe(III) 
ions 

(g//L) 

H2SO4 - 
anode 

(mol/L) 

Temperature 
(ºC) 

Presence of 
Sb(III) and 
Bi(III) ions  

0.02 0; 1 0; 0.1 6 0 0 3 ~20 

Scan rate 

0.005; 
0.01; 
0.02; 
0.04; 
0.06; 
0.08; 
0.1 

0; 1 0; 0.1 6 0 0 3 ~20 

Sb(III) and 
Bi(III) 

concentration 
0.02 

0; 0.25; 0.5; 
0.75; 1; 1.5; 

2; 4 

0; 0.025; 
0.05; 0.075; 
0.1; 0.15; 
0.2; 0.4 

6 0 0 3 ~20 

HCl 
concentration 0.02 0; 1 0; 0.1 4; 5; 6; 7 0 0 2; 2.5; 3; 3.5 ~20 

Dilution 
factor 0.02 

0; 0.35; 0.5; 
0.75; 1 (0%, 
35%, 50%, 
75% and 

100% of the 
original 
solution, 

respectively) 

0; 0.035; 
0.05; 0.075; 

0.1 (0%, 
35%, 50%, 
75% and 

100% of the 
original 
solution, 

respectively) 

2.1; 3.0; 4.5; 
6 (35%, 

50%, 75% 
and 100% of 
the original 

solution, 
respectively) 

0 0 

1.05; 1.5; 
2.25; 3 

(35%, 50%, 
75% and 

100% of the 
original 
solution, 

respectively) 

~20 

Temperature 0.02 0; 1 0; 0.1 6 0 0 3 20; 30; 40; 
50 

Presence of 
thiourea 0.02 0; 1 0; 0.1 6 

0; 0.0041; 
0.0082; 0.016; 

0.025 
(Thiourea/Sb 
molar ratio of 

0; 0.5; 1; 2 
and 3, 

respectively) 

0 3 ~20 

Presence of 
Fe(III) ions 0.02 0; 1 0; 0.1 6 0 0.1 3 ~20 
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3. Results and Discussion 

3.1. Effect of the presence of Sb and Bi in HCl solution 

Speciation diagrams for the solutions of Sb (1 g/L) + HCl (6 mol/L), Bi (0.1 g/L) + HCl 

(6 mol/L), and Sb (1 g/L) + Bi (0.1 g/L) + HCl (6 mol/L) were constructed with the aid 

of Hydra-Medusa software [42] using equilibrium constants data present in ref. [14]. 

According to Figure 2, antimony and bismuth are present in the working solution (at 

pH 0) mainly as SbCl63-, SbCl52- and BiCl63-, BiCl52- species, respectively. Solutions 

containing Sb also present a relevant concentration of SbCl4- species, whereas the 

concentration of BiCl4- can be considered negligible in the solutions containing Bi. 

 

Figure 2 – Speciation diagram constructed for the solution of (a) Sb (1 g/L)+HCl (6 M), 

(b) Bi (0.1 g/L)+HCl (6 M), and (c) Sb (1 g/L)+Bi (0.1 g/L)+HCl (6 M).  

 

Figure 3 presents the cyclic voltammograms constructed with Sb+HCl, Bi+HCl and 

Sb+Bi+HCl solutions at 0.02 V/s. Typical cyclic voltammetry curves were obtained for 
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antimony and bismuth in HCl solution, indicating that both metals can be deposited onto 

the Ti substrate.  

 

Figure 3 - Cyclic voltammograms constructed at a scan rate of 0.02 V/s with solutions 

of Sb (1 g/L)+HCl (6 M), Bi (0.1 g/L)+HCl (6 M), Sb (1 g/L)+Bi (0.1 g/L)+HCl (6 M). 

Insets show the oxidation and reduction peaks. 

 

When Sb and Bi are present separately in the HCl solution (Sb+HCl and Bi+HCl), only 

one reduction peak is observed, which is related to the deposition of the elemental metal 

from Sb(III) and Bi(III) species, respectively. The Sb and Bi reduction peaks show a 

significant difference in their current density values (-4.0 mA/cm² and -0.43 mA/cm², 

respectively) mainly due to the higher Sb concentration. Regarding the overpotential, 

both metals begin to deposit at approximately -0.28V, with the Sb peak appearing 

at -0.36V and the Bi peak at -0.33V. The reduction peaks of each metal present distinct 

shapes. Note that the Sb peak is sharp and well defined, whereas the Bi peak is smoother 

and extends towards more negative overpotentials, showing a limiting current density. 

This may be an indication of the greater diffusion control for bismuth deposition than for 

that of antimony [43]. The considerably lower concentration of Bi may also have favored 

this behavior. The shape of the curves obtained agrees well with the cyclic voltammetric 

curves reported by Kang et al. [44], which were obtained with concentrations of Sb 

(1.2 g/L) and Bi (0.2 g/L) similar to those tested in our work, but at a much lower 

concentration of HCl (0.35 mol/L). 
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When Sb and Bi are present simultaneously in the solution (Sb+Bi+HCl), the deposition 

of the metals takes place in two steps. Firstly (at -0.2V), there is a gradual negative shift 

of current density towards more negative potentials, showing a plateau related to the 

deposition of Bi. Then, from approximately -0.32V, the cathodic current density shows a 

strong increase reaching a peak at -0.36V, which is related to the deposition of Sb. Note 

that the peaks of Sb when it is present separately and together with Bi in the solution are 

practically superimposed, which indicates that the presence of Bi practically does not 

affect the current density and potential values at which Sb is electrodeposited. This can 

be explained by the complexes formed in each of the solutions evaluated (Figure 2). Note 

that the predominant species in solutions where Sb and Bi are present separately and 

simultaneously are the same (SbCl63-, SbCl52-, BiCl63-, BiCl52-) and there is no formation 

of complexes involving both metals. Thus, the metals are electrodeposited independently. 

For potential values more negative than approximately -0.5V (Sb+Bi+HCl), -0.6V 

(Sb+HCl) and -0.7V (Bi+HCl), the cathodic current density shows a strong increase 

towards negative values due to the hydrogen evolution reaction (HER). Note that the 

behavior caused by this reaction is quite different for each solution evaluated. When Sb 

and Bi are present simultaneously in the solution, HER occurs at considerably lower 

cathodic potentials than when the metals are individually present. Therefore, the 

simultaneous deposition of the metals is hindered, since HER tends to reduce the current 

efficiency and, thus, the quality of the deposit. When the electrodeposition occurs under 

intense HER, nonadherent powder deposits are generally obtained [15,45]. 

When the potential scan is reversed, anodic peaks are observed due to the dissolution of 

metals into the solution. For the Bi+HCl solution, a single and well-defined peak is 

observed, as to be expected, due to the oxidation of Bi to Bi(III). For the Sb+HCl solution, 

the peak shows a subtle post-wave: the main peak is due to the oxidation of Sb to Sb(III), 

whereas the post-wave may have appeared due to the presence of an antimony oxide. 

When both metals are present simultaneously in the solution, a single anodic peak is 

obtained, indicating that Sb and Bi are not oxidatively dissolved independently of one 

another. This agrees with the results obtained by Besse et al. [15], who evaluated the 

morphology of Sb-Bi films electrodeposited in NaCl 4 mol/L and HCl 1 mol/L media.    

Upon the reverse scan, a single current crossover is observed for the solution of Bi+HCl 

at all scan rates. On the other hand, two current crossovers appear for the solutions of 

Sb+HCl and Sb+Bi+HCl, which is a typical behavior for deposition processes involving 
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nucleation, indicating that stable growth centers are formed at the substrate surface when 

antimony is present [46,47]. For the solution of Sb+HCl at a scan rate of 0.02 V/s, the 

potential of the higher cathodic current crossover is -0.32V (nucleation potential), 

whereas the other cathodic current crossover is -0.25V (crossover potential). For the 

solution of Sb+Bi+HCl at a scan rate of 0.02 V/s, the nucleation potential is -0.34V, 

whereas the crossover potential is -0.23V. 

It can be inferred that the presence of the metals together in the Sb+Bi+HCl solution 

caused a significant increase in the current density of the oxidation peak, in addition to a 

shift towards more positive potentials. After the oxidation peak of Sb and Bi, when they 

are together or individually present in the solution, the current density remains at zero as 

the potential increases positively, indicating the complete oxidative dissolution of the 

metals at the electrode surface [48]. 

 

3.2. Scan rate evaluation 

Figure 4 shows the cyclic voltammetry curves constructed for the (a) Sb+HCl, 

(b) Bi+HCl, and (c) Sb+Bi+HCl solutions at scan rates between 0.005 V/s – 0.1 V/s. The 

values of current density and potential of the cathodic (𝑖! , 𝐸!) and anodic (𝑖" , 𝐸") peaks 

of the metals in each of the solutions tested were obtained from Figure 4, and the results 

are shown in Table 2. The values of cathodic (𝑄!) and anodic (𝑄") charges are also shown 

in Table 2, which were determined by integration of the area under the cathodic and 

anodic peaks, respectively, of the current vs. time curves. The Table also presents the 

current density ratios of the anodic and cathodic peaks (|𝑖" 𝑖!⁄ |), the difference between 

the potential of both peaks (𝐸" − 𝐸!), and the charge ratios of the anodic and cathodic 

peaks (𝑄" 𝑄!⁄ ) obtained at each scan rate. 
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Figure 4 – Cyclic voltammograms for solutions of (a) Sb+HCl, (b) Bi+HCl and 

(c) Sb+Bi+HCl at different scan rates (0.005 – 0.10 V/s). Insets show the oxidation and 

reduction peaks. 
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Table 2 - Values of current density, potential and charge of the cathodic (𝑖! , 𝐸! , 𝑄!) and 

anodic (𝑖" , 𝐸" , 𝑄") peaks of the metals in each of the solutions shown in Figure 4. 

Solution: Sb + HCl 
 Anodic peak Cathodic peak  
Scan rate 
(V/s) 

𝑖!	(𝑚𝐴 𝑐𝑚²)⁄  𝐸!	(𝑉) 𝑄!	 
(𝐶 𝑐𝑚"⁄ ) 

𝑖#(𝑚𝐴 𝑐𝑚²)⁄  𝐸#(𝑉) 𝑄#	 
(𝐶 𝑐𝑚"⁄ ) 

|𝑖! 𝑖#⁄ | 𝐸! − 𝐸#	(𝑉) 𝑄! 𝑄#⁄  

0.005 1.1 -0.14 0.043 -1.69 -0.37 0.057 0.7 0.23 0.8 
0.010 2.6 -0.14 0.057 -2.99 -0.36 0.037 0.9 0.23 1.5 
0.020 6.6 -0.13 0.038 -3.98 -0.36 0.025 1.3 0.23 1.5 
0.040 4.1 -0.12 0.020 -4.38 -0.38 0.017 0.9 0.26 1.2 
0.060 5.9 -0.10 0.021 -5.01 -0.39 0.018 1.2 0.26 1.2 
0.080 5.8 -0.10 0.013 -5.94 -0.39 0.014 1.0 0.29 0.9 
0.100 4.1 -0.11 0.010 -6.31 -0.41 0.012 0.6 0.30 0.8 

Solution: Bi + HCl 
 Anodic peak Cathodic peak  
Scan rate 
(V/s) 

𝑖!(𝑚𝐴 𝑐𝑚²)⁄  𝐸!	(𝑉) 𝑄!	 
(𝐶 𝑐𝑚"⁄ ) 

𝑖#(𝑚𝐴 𝑐𝑚²)⁄  𝐸#(𝑉) 𝑄#	 
(𝐶 𝑐𝑚"⁄ ) 

|𝑖! 𝑖#⁄ | 𝐸! − 𝐸#	(V) 𝑄! 𝑄#⁄  

0.005 2.6 -0.20 0.020 -0.3 -0.32 0.006 7.8 0.12 3.5 
0.010 2.9 -0.21 0.012 -0.4 -0.32 0.004 7.8 0.12 2.7 
0.020 3.2 -0.21 0.011 -0.4 -0.33 0.004 7.7 0.12 2.6 
0.040 2.6 -0.21 0.007 -0.5 -0.36 0.003 4.9 0.15 2.2 
0.060 3.1 -0.21 0.005 -0.6 -0.35 0.002 5.1 0.14 3.0 
0.080 2.8 -0.21 0.004 -0.7 -0.36 0.002 4.1 0.16 2.4 
0.100 2.6 -0.21 0.003 -0.7 -0.38 0.001 3.6 0.17 2.4 

Solution: Sb + Bi + HCl 
 Anodic peak Cathodic peak  
Scan rate 
(V/s) 

𝑖!(𝑚𝐴 𝑐𝑚²)⁄  𝐸!	(𝑉) 𝑄!	 
(𝐶 𝑐𝑚"⁄ ) 

𝑖#(𝑚𝐴 𝑐𝑚²)⁄  𝐸#(𝑉) 𝑄#	 
(𝐶 𝑐𝑚"⁄ ) 

|𝑖! 𝑖#⁄ | 𝐸! − 𝐸#	(V) 𝑄! 𝑄#⁄  

0.005 44.1 -0.01 1.313 -2.2 -0.37 0.041 20.5 0.35 32.2 
0.010 46.1 -0.01 0.540 -3.0 -0.36 0.032 14.7 0.35 16.7 
0.020 44.0 -0.01 0.314 -3.7 -0.36 0.022 11.8 0.35 14.5 
0.040 32.0 -0.02 0.127 -4.1 -0.37 0.017 7.8 0.35 7.6 
0.060 25.0 -0.03 0.067 -5.0 -0.38 0.014 5.0 0.34 4.9 
0.080 18.0 -0.04 0.040 -5.8 -0.38 0.014 3.1 0.35 2.9 
0.100 13.0 -0.05 0.029 -6.7 -0.39 0.012 1.9 0.34 2.5 

 

In the forward scan, an increase in scan rate shifted the reduction peaks towards more 

negative current densities. This was expected since the thickness of the diffusion 

boundary layer is reduced at faster scan rates, which increases the current density [49]. 

Figure 5 shows the plot of current density of the cathodic peaks (𝑖!) versus the square root 

of the scan rate (𝑣#,%) based on the Randles−Sevcik equation (Equation 1). In Equation 1, 

𝑛 is the number of electrons transferred in the reduction step, 𝐷# and 𝐶#	are the diffusion 

coefficient and bulk concentration of the analyte, respectively, 𝐹 is the Faraday constant, 

𝑇 is temperature and 𝑅 is the universal gas constant [49,50]. The curves of 𝑖! vs. 𝑣#,% 

showed different shapes for each solution: for Bi+HCl, it showed a linear behavior 
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(R² = 0.992), whereas for the solutions with antimony (Sb+HCl and Sb+Bi+HCl) the 

curves showed a change in their behavior at 0.04 V/s [0.2 (V/s)1/2]. 

 

 𝑖! = 0.446𝑛𝐹𝐶# 7
𝑛𝐹𝑣𝐷#
𝑅𝑇 8

&/(

 Eq. (1) 

 

 

Figure 5 – Relation of the square root of scan rate and current density of the reduction 

peaks obtained with the solutions of Sb+HCl, Bi+HCl, and Sb+Bi+HCl, respectively. 

 

In the reverse scan, an anomalous effect occurred on the oxidation peaks. For the Sb+HCl 

and Bi+HCl solutions, as the scan rate increased from 0.005 V/s to 0.02 V/s, the current 

density of the anodic peaks also increased. This behavior was expected since the 

relationship between current density (𝑖) and scan rate (𝑣) tends to be similar in the 

reduction and oxidation steps. However, at scan rates above 0.04 V/s, the current density 

of the anodic peak (𝑖") remained practically unchanged, showing a subtle downward 

trend. This is more evident for the Sb+Bi+HCl solution, as 𝑖" remained constant between 

0.005 V/s – 0.02 V/s and showed a strong reduction between 0.04 V/s - 0.1 V/s. As the 

anodic peaks did not follow a linear behavior as a function of scan rate, the plot of 

𝑖"versus 𝑣#,% based on the Randles−Sevcik equation is not shown herein. This change in 

the behavior of the reduction and oxidation peaks of the curves at 0.04 V/s, especially for 

the Sb+Bi+HCl solution, indicates that this scan rate value delimits the scan rate range 
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within which the reactions exhibit more reversible or non-reversible behaviors, as will be 

discussed below. 

According to Table 2, the 𝑖" 𝑖!⁄  and 𝑄! 𝑄#⁄ 	 ratios deviate from unity mainly for the 

solutions containing bismuth (Bi+HCl and Sb+Bi+HCl). Non-unity 𝑖" 𝑖!⁄   and 𝑄! 𝑄#⁄  

ratios are typical of irreversible processes and indicate homogeneous kinetic behavior or 

other complex phenomena occurring at the electrode. Note in Table 2 that the 𝑖" 𝑖!⁄  and 

𝑄! 𝑄#⁄  ratios are not independent of scan rate, which also indicates that the process is not 

electrochemically reversible. As the scan rate increases, the 𝑖" 𝑖!⁄  and 𝑄! 𝑄#⁄  ratios 

decrease and approach the unity value. In this case, the voltammogram appears more 

reversible at higher scan rates, as it is to be expected [51].  

Another indication of the non-reversibility of the reactions is the values of anodic and 

cathodic peaks separation (𝐸" − 𝐸!) shown in Table 2 since they are much greater than 

59	𝑚𝑉 𝑛⁄ , which is considered a threshold value for reversible reactions [51]. In this case, 

the irreversibility of the reactions occurring in the tested solutions follows the trend: 

Bi+HCl < Sb+HCl < Sb+Bi+HCl. This irreversible behavior of the electrodeposition of 

Sb and Bi, when they are separated or present together may be explained by the extremely 

high acidity of the solutions since protons act as a barrier to electron transfer making the 

process sluggish [50]. In any case, further studies should be conducted to shed more light 

on the irreversible behavior of the reactions. Considering the similarity of the behavior of 

the peaks at scan rates between 0.05 V/s - 0.02 V/s, the next evaluations will be carried 

out at 0.02 V/s. 

 

3.3. Sb and Bi concentration 

The influence of the concentration of Sb and Bi on the cyclic voltammetry curves was 

evaluated and the results are shown in Figure 6. 
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Figure 6 – Cyclic voltammograms for solutions of (a) Sb+HCl, (b) Bi+HCl and 

(c) Sb+Bi+HCl at different concentrations of metals (0.25 – 4.0 g/L for Sb(III) and 

0.025 - 0.40 g/L for Bi(III)). Insets show the oxidation and reduction peaks. 

 

Note that for the Sb+HCl solution (Figure 6a), the reduction peaks shift towards cathodic 

current densities as the concentration increases, but the potential value of the peaks 

remains virtually unchanged. This indicates that the antimony deposition rate is affected 

kinetically by its concentration. For the Bi+HCl solution (Figure 6b), the peaks showed a 

strong shift towards cathodic currents and a slight shift towards more negative 

overpotentials with increasing concentration. Therefore, the bismuth deposition rate is 

affected both kinetically and thermodynamically by its concentration. This difference 

between the electrodeposition of metals as a function of their concentration indicates a 

greater contribution of the migrational component to the bismuth deposition, which may 

be related to the difference in the diffusion controlled contribution to the mass transfer 

for each metal and the lower concentration of bismuth [52], as discussed in the previous 

sections. According to the speciation diagram (Figure S1 of Supplementary Material) 

constructed for each of the solutions shown in Figure 6, the increase in the concentration 

of Sb and Bi does not alter the type of predominant species in the solutions since their 
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concentrations increase practically in the same proportion. Only solutions containing Sb 

show an additional species (SbCl2+) when the concentration of this metal is greater than 

approximately 1.5 g/L.  

When the potential scan is reversed, the anodic peak shows the same behavior for the 

three solutions: a sharp increase towards more positive currents and a subtle shift towards 

more positive potentials. Furthermore, Figure 6a shows that as the concentration of 

antimony increases in the Sb+HCl solution, the presence of a shoulder related to the 

dissolution of a different Sb phase becomes more prominent, which must be related to the 

presence of some oxide. When bismuth is present together with antimony in solution 

(Figure 6c), this shoulder becomes less apparent, indicating that the presence of Bi even 

at low concentrations may inhibit the dissolution of Sb species. The latter may explain 

the stronger increase in the current density of the oxidation peak shown in Figure 3 when 

Sb and Bi are present simultaneously in the solution.  

The increase in concentration also causes an increase in the distance between the 

reduction and oxidation potential peaks of the metals and in the 𝑄" 𝑄!⁄ 	ratios (Table S1 

of Supplementary Material), especially for solutions in which antimony is present 

separately or together with Bi, thus indicating a more profound electrochemical 

irreversibility. According to Table S1, the electrochemical irreversibility is more 

accentuated in Sb+HCl and Sb+Bi+HCl solutions presenting Sb concentrations from 

1.0 g/L - 1.5 g/L, which must be associated with the shoulder visible in the curves of the 

most concentrated solutions containing Sb (Figure 6). This behavior of the concentrated 

solutions may also be related to the formation of the SbCl2+ species, which appear in the 

solution only when the Sb concentration is equal to or greater than 1.5 g/L (Figure S1). 

 

3.4. HCl concentration 

The influence of HCl concentration on the cyclic voltammetry curves is shown in 

Figure 7. 
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Figure 7 – Cyclic voltammograms for solutions of (a) Sb+HCl, (b) Bi+HCl and 

(c) Sb+Bi+HCl at different HCl concentrations (4 M – 7 M). Insets show the oxidation 

and reduction peaks. 

 

The onset of Sb and Bi reduction appears at more cathodic overpotentials as the 

concentration of HCl increases, while the current density of the reduction peaks remains 

virtually unchanged. As mentioned in Section 3.2, this negative shift of potential can be 

explained by the extremely high concentration of H+ ions on the electrode surface acting 

as a coulombic barrier to the access of the species of Sb and Bi, which hinders their 

electrodeposition [53]. As shown in the speciation diagram (Figure S2 of Supplementary 

Material) constructed for the solutions present in Figure 7, increasing HCl concentration 

causes a subtle difference in the predominant species containing Sb and Bi. As the 

concentration of HCl increases, there is an increase in the concentration of species with 

charge 3 (SbCl63- and BiCl63-) and a reduction in the concentration of species with 

charge 2 (SbCl52- and BiCl52-) and 1 (SbCl4- and BiCl4-), in addition to the neutral species 

SbCl3. Although this difference is subtle when compared to the increase in proton 

concentration, this may also have influenced the shift of the overpotential at which the 

metals are electrodeposited. In this case, operating the membrane electrolysis with less 



19 
 

acidic solutions would require less energy, in addition to extend the lifespan of the 

membranes, which should not be exposed to extreme pH conditions [38]. However, the 

use of HCl concentrations lower than 5 mol/L tends to hinder the extraction of Sb and Bi 

from the ion-exchange resins, reducing the efficiency of the resin elution step [25].  

The shift of the oxidation peaks towards less positive potentials with increasing HCl 

concentration indicates involvement of H+ in the stripping process of the metals. The 

lower the concentration of H+, the easier the oxidation of the deposited metals, which 

agrees with the reduction section of the curves and with the discussions in Section 3.2. 

According to Table S2 of Supplementary Materials, increasing the HCl concentration 

reduces the electrochemical irreversibility of the Sb and Bi electrodeposition reaction 

when the metals are present separately in the solution (Sb+HCl and Bi+HCl), since the 

𝑄" 𝑄!⁄  ratio approaches the unit value. On the other hand, increasing the HCl 

concentration intensifies the electrochemical irreversibility of the electrodeposition of 

both metals when they are present simultaneously in the solution of Sb+Bi+HCl. This 

difference in behavior is associated with the inhibition of the dissolution of Sb and Bi 

from the Sb-Bi phase formed when the metals are simultaneously present in the solution, 

leading to a strong increase in the current density of the anodic peak, as discussed in 

previous sections. 

 

3.5.Dilution factor 

Considering the disadvantages of conducting the elution of the resins with HCl solutions 

at concentrations lower than 5 mol/L and the advantages of operating the membrane 

electrolysis in less acidic conditions, the effect of diluting the working solution in 

different proportions was evaluated. Solutions presenting 35%, 50% and 75% of the 

concentration of the original one (100%) were studied. In this case, the anodic H2SO4 

solution was also diluted with the same proportion of the cathodic solution. The results 

of the effect of the solution dilution on the cyclic voltammetry curves are shown in 

Figure 8. 
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Figure 8 – Cyclic voltammograms for solutions of (a) Sb+HCl, (b) Bi+HCl and 

(c) Sb+Bi+HCl prepared with different dilution factors (35%, 50%, 75% and the 

original one – 100%). Insets show the oxidation and reduction peaks. 

 

As can be seen, the solution dilution causes a shift of the reduction peak of the metals 

towards less negative potential and current densities values when the metals are separated 

or together in solution. This can be explained by the reduction in the conductivity of the 

solution as it becomes more diluted, in addition to the alteration of the predominant 

species present in the solution. As shown in the speciation diagrams (Figure S3 of 

Supplementary Material) constructed for the solutions present in Figure 8, the solution 

dilution favors an increase in the concentration of species with charge 1 (SbCl4- and 

BiCl4-) and the neutral SbCl3, while the concentration of species with charge 3 (SbCl63- 

and BiCl63-) and 2 (SbCl52- and BiCl52-) is reduced.  

Regarding the oxidation of the metals in the Sb+HCl and Bi+HCl solutions, the anodic 

peaks show a shift towards more positive potentials and less positive current densities as 

the solution becomes more diluted. For the Sb+Bi+HCl solution, the oxidation peak 

shows a subtle change in the potential towards more positive values, while the current 

density becomes less positive as the dilution increases. According to Table S3, diluting 
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the solutions affects the 𝑄" 𝑄!⁄  ratio of each of them differently. Increasing the dilution 

of the solutions in which the metals are present separately (Sb+HCl and Bi+HCl) 

practically does not alter the electrochemical irreversibility of the reactions. On the other 

hand, the more the Sb+Bi+HCl solution is diluted, the more reversible the reaction 

becomes. This difference in the behaviors supports the discussions made in sections 3.3 

and 3.4 on the inhibition of the dissolution of Sb and Bi from the Sb-Bi phase. These 

results suggest that diluting the working solution would decrease considerably the energy 

consumption of the membrane electrolysis operation. On the other hand, the volume of 

solutions to be treated would increase, and the pure HCl solution should be concentrated 

again before returning to the elution step. One of the possible techniques that can be used 

for this purpose is membrane distillation [54,55], but dedicated studies need to be carried 

out to evaluate the technical and economic feasibility of the process. 

 

3.6.Temperature 

The effect of the temperature of the cathodic and anodic solutions on the cyclic 

voltammetry curves was evaluated and the results are shown in Figure 9. 
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Figure 9 – Cyclic voltammograms for solutions of (a) Sb+HCl, (b) Bi+HCl and 

(c) Sb+Bi+HCl at different temperatures (20ºC, 30ºC, 40ºC and 50ºC). Insets show the 

oxidation and reduction peaks. 

 

The increase in temperature between 20ºC and 50ºC showed different behaviors for the 

tested solutions. For Sb+HCl, the temperature increase shifts the reduction peaks towards 

less negative potentials, while the current density of the peaks remains practically 

unchanged. In this case, the greater mobility of ions in solutions at higher temperatures, 

which present lower viscosity and resistance, does not cause an increase in the current 

density of the peaks. This indicates that diffusion of Sb ions does not limit their 

electrodeposition, as suggested in previous sections. The curve obtained at 50ºC showed 

a double reduction peak, which may be related to the oxidation of Sb(III) to Sb(V) in the 

solution due to the high temperature followed by the reduction of both species at the 

electrode. Regarding the oxidation peaks during the reverse scan, the increase in 

temperature causes a shift towards more positive potentials, and in this case, the current 

density of the peaks also shows a significant increase, especially at 50ºC. According to 

Table S4 of Supplementary Material, increasing the temperature increases the 

electrochemical irreversibility of the Sb electrodeposition reaction since the area under 

the anodic peak increases considerably while the area under the cathodic peak remains 

virtually unchanged (Figure 9). For the Sb+HCl solution, it is also noted that the increase 

in temperature favors HER strongly, which occurs at less negative potentials when higher 

temperatures are used. This may reduce the current efficiency and the quality of the 

deposits.  

For the Bi+HCl solution, the shift of the reduction peaks towards less negative potentials 

was accompanied by the displacement of the current density towards more negative 

values, differently from what was observed for the Sb+HCl solution. This difference in 

behavior can be attributed to the effect of temperature on the species diffusion in the 

solutions. As it is well-known, when the electrolyte temperature increases, the 

concentration of the reducible species also increases in the cathode diffusion layer due to 

the increase in the rates of diffusion [56]. Therefore, the increase in the concentration of 

Bi species at higher temperatures leads to more negative current densities, which have 

occurred only with bismuth because the diffusion transport control for bismuth is greater 

than that for antimony. When the scan is reversed, the curves of Bi+HCl solution show a 



23 
 

pre-wave followed by the oxidation peak, which becomes more pronounced with 

increasing temperature. The oxidation peaks show a shift towards more positive current 

densities, whereas the potential remains virtually unchanged. According to Table S4, 

increasing the temperature of the Bi+HCl solution increases the irreversibility of the Bi 

electrodeposition reaction, but in a much smaller proportion than for Sb due to the 

different effect of diffusion on the reduction/oxidation of each metal. The increase in 

temperature also favors the occurrence of HER at less positive potentials, but this effect 

is less pronounced for the Bi+HCl solution than for Sb+HCl one. 

For the Sb+Bi+HCl solution, the behavior of the curves is very similar to that presented 

for Sb+HCl. Note that for 50ºC, two reduction peaks are observed due to the oxidation of 

Sb(III) to Sb(V) followed by the reduction of both species. The current density of the 

reduction peaks was practically unchanged; therefore, bismuth is not able to change this 

behavior of the curve, probably due to its low concentration. In all tested solutions, an 

increase in the current density of the anodic peak was noted with increasing temperatures. 

This is related to the intensification of mass transfer and the enhanced electrochemical 

reaction kinetics during the oxidation of the species from the electrode to the solution, 

which has lower resistance at higher temperatures [11]. As shown in Table S4, the 

increase in the current density of the anodic peaks of the Sb+HCl+HCl solution caused a 

strong increase in the	𝑄" 𝑄!⁄ , ratio, indicating that the Sb-Bi phase deposition reaction 

becomes considerably more irreversible at higher temperatures. 

The results presented in this section are in line with those recently reported by Thanu et 

al. [7]. The authors tested the effect of temperature on the electrolysis of Sb and Bi in 

hydrochloric medium by determining the amount of metals deposited on the electrode. 

The potential was set at -0.5V while the temperature was varied between 30ºC – 70ºC. 

The authors noted that increasing temperature reduces the deposition of both metals and 

justified this behavior by the hydrogen evolution reaction. According to our Figure 9, the 

potential shift towards less cathodic values with increasing temperature may have been 

responsible for the reduction in the electrodeposition of Sb and Bi obtained by Thanu et 

al. [7]. Despite this reduction in the amount of electrodeposited material observed by the 

authors, they noticed an increase in the cathodic current efficiency with increasing 

temperature, which may be related to the reduction in solution viscosity and resistance. 

Similar results were obtained also by Awe et al. [57] in the electrodeposition of Sb in 

alkaline medium. 
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With the current values of the reduction peaks of Sb and Bi shown in Figure 9, a graph of 

ln(𝑖) vs. 1 𝑇⁄  was plotted based on the Arrhenius-like expression (Equation 2) to calculate 

the apparent activation energy of the electrodeposition of the metals. In Equation (2), 𝑖 is 

the peak reduction current (A), 𝐵 is a constant, 𝐸) is the apparent activation energy 

(kJ/mol), 𝑅 is the universal gas constant (kJ/mol.K) and 𝑇 is temperature (K).  

 ln(𝑖) = 𝐵 −
𝐸)
𝑅𝑇 Eq. (2) 

 

For the Sb+HCl solution, the curve of ln(𝑖) vs. 1 𝑇⁄  obtained was not linear (not shown), 

therefore, it was not possible to determine the apparent activation energy. For the Bi+HCl 

solution, the curve obtained approached a straight line (Figure 10) and the calculated 𝐸) 

was 9.651 kJ/mol. This very low activation energy supports previous discussions on the 

diffusive control of bismuth electrodeposition [58]. 

 

Figure 10 – Arrhenius plot for the solution of Bi+HCl. 

 

3.7.Presence of thiourea as a complexing agent 

The addition of thiourea in the elution step has been tested in recent years as it promotes 

the removal of Sb(V) from the ion-exchange resins, which is otherwise extremely difficult 

to elute with pure HCl solutions [6,25,31]. Figure 11 shows the influence of the presence 

of thiourea as a complexing agent on the cyclic voltammetry curves of Sb and Bi.  
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Figure 11 – Cyclic voltammograms for solutions of (a) Sb+HCl+thiourea, 

(b) Bi+HCl+thiourea and (c) Sb+Bi+HCl+thiourea with different thiourea/Sb molar 

ratios (0; 0.5; 1; 2; 3). Insets show the oxidation and reduction peaks. 

 

Except for the curve constructed without thiourea, the behavior of the Sb+HCl 

(Figure 11a) and Bi+HCl (Figure 11b) solutions is very similar. In both cases, the onset 

of Sb and Bi reduction appears at more cathodic overpotential with the increase of 

thiourea concentration. The addition of thiourea causes a shift of the reduction peaks 

towards more negative potentials and less negative current densities. Note that for 

Sb+HCl solution with thiourea/Sb molar ratio of 0.5, the reduction peak splits in two, 

indicating that the thiourea concentration is insufficient to complex all Sb ions. For the 

Sb+Bi+HCl solution (Figure 11c), the addition of thiourea also causes a shift of the 

reduction peak towards more negative potential values, whereas the current density shows 

the opposite effect: a shift towards less negative values. These results suggest that the 

increase in thiourea concentration induces a higher inhibition of Sb and Bi reduction, 

which may be explained by the greater stability of Sb-thiourea and Bi-thiourea 

complexes: according to the Nernst equation, the increase in the stability of the metal 

complex causes an increase in the cathodic overpotential. Speciation diagrams for the 
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solutions shown in Figure 11 could not be constructed in the present work due to lack of 

equilibrium constants data in the literature for reactions involving Sb-thiourea and 

Bi-thiourea complexes in a hydrochloric medium. Another possible reason for the 

behavior observed on the cyclic voltammogram is adsorption of thiourea on the cathode 

surface, thus acting as a physical barrier and hindering the Sb-Bi deposition [59,60]. On 

the other hand, the addition of thiourea may improve the homogeneity of the Sb-Bi 

deposits as occurs in the electrodeposition of other metals [2,61]. The effects of thiourea 

on the quality of the electrodeposits should be evaluated in further studies. 

Regarding the oxidation peaks, they showed a reduction in current density with increasing 

thiourea concentration, especially for the Sb+HCl and Sb+Bi+HCl solutions, which 

supports the suggestion on the hindered deposition of the metals when thiourea is present 

in solution [62]. According to Table S5 of Supplementary Material, increasing the 

concentration of thiourea increases the irreversibility of the Sb electrodeposition reaction 

in the Sb+HCl and Sb+Bi+HCl solutions, while the irreversibility for the Bi+HCl solution 

is practically unaffected by the presence of the complexing agent. This supports the 

previous discussions about the inhibition of the electrodeposition of the metals in the 

presence of thiourea and the phenomenon of adsorption of thiourea on the cathode 

surface, which occurs more intensely in solutions containing Sb. 

 

3.8.Presence of Fe ions as an impurity 

The influence of the presence of ferric ions was evaluated since they may also be present 

in the electrorefining and elution solutions as an impurity [6,63]. The results obtained are 

shown in Figure 12. The presence of iron practically does not affect the cyclic 

voltammetry curves since the reduction and oxidation peaks remain virtually unchanged. 

Cyclic voltammetry curves with a solution composed of Fe(III)+HCl (without Sb and Bi) 

were also constructed to support these results and no oxidation and reduction peaks of 

Fe(III) deposition was observed (not shown herein). Therefore, the presence of iron in the 

solution as an impurity does not affect the deposition of Sb and Bi in the membrane 

electrolysis. These results are supported by the speciation diagrams (Figure S4 of 

Supplementary Material) constructed for the solutions shown in Figure 12 since the 

addition of Fe(III) ions does not affect the composition of the complexes containing Sb 

and Bi. Note that the main species formed containing iron are FeCl2+ and FeCl3, which 
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do not affect the electrodeposition of the metals. This inability of iron to deposit or alter 

the Sb and Bi peaks is also in agreement with the literature, because iron reduction is 

inhibited in HCl solutions at very low pH values [64,65]. As shown in Table S6 of 

Supplementary Material, the presence of iron practically does not change the values of 

𝑄" 𝑄!⁄ , and therefore the irreversibility behavior of the reactions for the three solutions 

tested, since the reduction and oxidation peaks did not show significant changes. 

 

Figure 12 – Cyclic voltammograms for solutions of (a) Sb+HCl+Fe, (b) Bi+HCl+Fe and 

(c) Sb+Bi+HCl+Fe. Insets show the oxidation and reduction peaks. 

 

4. Conclusions 

The use of a membrane electrolysis system was proposed for recovering Sb and Bi from 

the elution solution of ion-exchange resins used in the treatment of copper electrorefining 

solutions contaminated with those metals, and a cyclic voltammetric study was carried 

out to evaluate the influence of the most important operating parameters on the process 

performance. 

The results obtained showed that the reduction, and particularly the oxidation of Sb (1.0 

g/L) and Bi (0.1 g/L) in HCl medium (6 mol/L), occur differently when the metals are 
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separated and together in solution. When they are both present, the current density needed 

to oxidize the metals is considerably greater than if the solution contains only one of the 

metals, which indicates a higher energy consumption to oxidize the phase composed of 

Sb-Bi. 

The evaluation of the scan rate suggested that the electrodeposition reactions of both 

metals are not electrochemically reversible, indicating the occurrence of homogeneous 

kinetic or other complex phenomena taking place at the electrode. This may be associated 

to the extreme acidity of the tested solutions. It was also verified that the diffusion control 

for the bismuth electrodeposition is greater than for antimony. 

The increase in Sb concentration affects its electrodeposition kinetically, whereas the 

increase in Bi concentration affects its electrodeposition kinetically and 

thermodynamically. High concentrations of HCl in the solution disfavor the 

electrodeposition of both metals because protons act as a coulomb barrier to the access of 

metals to the electrode. Although low concentrations of HCl are favorable for 

electrodeposition, the use of less acidic solutions in the elution step may hinder the 

desorption of metals. Diluting the solution before the membrane electrolysis may be an 

alternative, as it could reduce energy consumption. 

The solution temperature had a greater effect on the electrodeposition of bismuth than 

antimony due to the greater control of diffusion in the electrodeposition of the former. In 

all cases, a lower cathodic potential is required to deposit the metals at high temperatures. 

On the other hand, increasing temperature favors the hydrogen evolution reaction, which 

may impair current efficiency. The activation energy involved in the deposition of 

bismuth was calculated by the Arrhenius expression and the value found was 

9.651 kJ/mol.  

Although the use of thiourea as a complexing agent in the elution of resins has shown to 

be promising for promoting the desorption of Sb(V) ions, its presence in the solution was 

found to impair the electrodeposition of both metals. Therefore, further studies on 

complexing agents capable of removing Sb(V) ions from resins and that do not hinder the 

recovery of Sb and Bi in membrane electrolysis should be carried out.  

Lastly, the presence of iron as an impurity in the elution solution practically does not 

affect the electrodeposition of the metals. 
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Further studies should be carried out to assess in depth the irreversible behavior of the 

reactions shown herein, the retention/transfer of ions across the cation-exchange 

membrane, the influence of the ohmic drop caused by the membrane on the 

electrodeposition, and the quality of the deposits obtained under the range of operating 

conditions defined in this study. 
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