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Abstract: Antimony (Sb) and bismuth (Bi), which have been considered critical raw 19 

materials by the European Commission, cause inconveniences to copper production when 20 
they are present as impurities in copper electrorefining solutions. Therefore, ion-exchange 21 
resins to extract Sb and Bi from copper-containing electrolytes have typically been 22 

applied; after the adsorption of the metals, the elution step is conducted with an HCl 23 

solution to desorb them. In the present study, a novel membrane electrolysis system with 24 
a cation-exchange membrane was proposed to extract Sb and Bi ions from the elution 25 
solution, and a cyclic voltammetric study was carried out to evaluate the influence of the 26 

most important operating parameters on the process performance, such as Sb, Bi and HCl 27 
concentration, dilution factor of the solution, the presence of thiourea as a complexing 28 
agent, the presence of iron as an impurity, and temperature. The obtained voltammograms 29 

indicated that the simultaneous presence of the metals in solution alters considerably their 30 
electrodeposition and oxidation pattern when compared to the solutions with pure metals. 31 

The reactions of electrodeposition of both metals are not electrochemically reversible and 32 
the diffusion control for bismuth is greater than that for antimony. The increase in the 33 
concentration of Sb affects its electrodeposition kinetically, whereas that of Bi is affected 34 

both kinetically and thermodynamically. The increase in HCl concentration disfavors the 35 

electrodeposition of both metals. Diluting the solution reduces the energy consumption 36 

and prolongs the membrane lifespan. Increasing the temperature reduces the cathodic 37 
potential to deposit the metals but favors the hydrogen evolution reaction. The presence 38 

of iron as an impurity does not affect the electrodeposition of both metals, whereas the 39 
use of thiourea as a complexing agent must be avoided because it impairs their 40 
electrodeposition. 41 

 42 
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1. Introduction 46 

Technological development is highly dependent on copper due to its important properties, 47 

such as high electrical and thermal conductivities, as well as ductility, which make it a 48 

very versatile material [1]. Copper can be obtained in nature from oxide and sulfide ores, 49 

and the ore type determines the process steps it must undergo, as several purification steps 50 

need to be conducted for eliminating impurities and obtaining a high-purity copper 51 

product. In general, sulfide ores are subjected to the following treatment stages: 52 

comminution, mineral concentration via flotation, pyrometallurgical route (smelting and 53 

converting) and electrorefining. A detailed description of copper production from sulfide 54 

minerals can be found in our recent review  [2].  55 

In the electrorefining step, copper is purified via electrolysis by introducing copper 56 

anodes into a cell containing an electrolyte composed of sulfuric acid, copper sulfate and 57 

some additives which improve the quality of the deposit, such as thiourea, bone glue, and 58 

chloride ions [3]. As electric current is applied, metallic copper at the anode oxidize and 59 

migrate from the anode towards the cathode, which is the high-purity copper product. At 60 

the end of electrolysis, some impurities remain at the anode, being called anode scrap. 61 

Other impurities dissolve along with copper and form an insoluble material referred to as 62 

anode slime, which is deposited at the bottom of the cell. There are also impurities that 63 

are released along with copper but remain dissolved in the electrolyte, thus contaminating 64 

it and hindering copper purification. Among the major impurities that affect copper 65 

electrorefining, Sb and Bi ions are the most critical ones because their standard reduction 66 

potentials are similar to that of copper [4], which may lead to cathode contamination, 67 

anode passivation, while also increasing anode slime production. In this sense, some 68 

techniques are generally used to treat the contaminated copper electrolyte. One of the 69 

main methods used is forwarding part of the electrolyte to an electrowinning cell. 70 

However, this method involves high energy consumption and risks to human health due 71 

to the formation of the toxic arsine gas [5]. Another method often used is to add arsenic 72 

into the electrolyte so that the solubility of antimony and bismuth is reduced, leading to 73 

the deposition of the metals as part of the anode slime. This technique also presents some 74 

disadvantages, such as the use of additional reagents, the risks associated with the arsenic 75 

toxicity and the loss of Sb and Bi in the slime [5,6]. 76 

Antimony and bismuth have been considered critical raw materials by the European 77 

Commission,  indicating that both metals present high risk of depletion if their obtaining 78 
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methods are not reevaluated [7,8]. The major limitations faced in obtaining these metals 79 

in the coming years will be an intense reduction in the content of ores, difficulties in 80 

exploring remote regions, and high energy costs [7,9]. The main application of Sb is for 81 

flame-retardants, but it is also used in the production of lead-acid batteries, in the 82 

electronic industry, in pigments, pesticides, medicines, and detonators. Some of the main 83 

applications of Bi are the same as those of Sb, in addition to being applied in cosmetics 84 

and in the pharmaceutical industry [8,10–12]. Bi-Sb alloys are also valuable materials 85 

with good solderability and high corrosion resistance, being often used as semiconductors 86 

in electronics [13–16].  87 

Considering the importance of obtaining Sb and Bi from secondary resources in mining 88 

processes, several authors have tried to extract them from the copper electrorefining 89 

solution using alternative methods to the conventional ones, such as  chemical 90 

precipitation [17,18], activated carbon [19,20], solvent extraction [21,22], chemical 91 

leaching [23], electrowinning [7], electrodialysis [24], and ion-exchange resins [6,25]. 92 

The use of ion-exchange resins for this purpose stands out since they have been 93 

intensively tested in the literature [2], besides being already used industrially worldwide. 94 

The main parameters evaluated in these studies are the mass of resins, contact time, Sb 95 

and Bi concentrations, temperature, and use of additives. In addition, authors have 96 

evaluated the effect of antimony oxidation from Sb(III) to Sb(V) on the ion-exchange 97 

process, the undesirable precipitation of metals in the resins, and the presence of ferric 98 

ions as an impurity [6,25–30]. 99 

After treating the contaminated copper electrolyte by ion-exchange resins, which are 100 

usually aminophosphonic, it is necessary to carry out the elution step of the adsorbed 101 

metals. Elution is usually conducted with HCl solutions at a concentration of 5-7 mol/L 102 

in order to promote ion exchange between protons and the adsorbed metals. In this case, 103 

Sb and Bi ions are eluted as complex chloride-based anions [6]. Several studies have been 104 

carried out on the elution stage, mainly to evaluate the influence of resin poisoning by 105 

Sb(V) and the use of thiourea as a complexing agent [6,26,31,32]. 106 

The elution solution loaded with Sb(III) and Bi(III) ions is usually treated by fractional 107 

distillation in order to recover HCl. This method presents disadvantages such as the 108 

generation of toxic and corrosive Cl2, while also hindering the recovery of the pure 109 

metals. To the best of our knowledge, there are no critical studies reported in the open 110 

literature on alternative methods to fractional distillation for treating the elution solution 111 
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from ion-exchange resins used in copper electrorefining. Cifuentes et al. [4] carried out a 112 

study on the use of electro-electrodialysis as an alternative method, but the Sb and Bi ions 113 

were not present in the HCl solutions. Electro-electrodialysis allows for the separation of 114 

ionic species through membranes selective for anions or cations, while specific reactions 115 

occur at the electrodes during the electrodeposition of the species [33,34]. This system, 116 

which is composed of at least two membranes and three compartments, generates a 117 

diluted solution in one of the compartments and more concentrated solutions in the other 118 

compartments [35,36]. Although electro-electrodialysis is very versatile, the extremely 119 

higher concentration of protons compared to Sb and Bi ions can make its use unfeasible 120 

to treat elution solutions. To overcome this limitation, other techniques should be 121 

evaluated, and a possible alternative is membrane electrolysis. 122 

Membrane electrolysis is a process in which the same principles as electro-electrodialysis 123 

are exploited, but the former is composed of only two compartments separated by a 124 

cation- or anion-exchange membrane, making it considerably simpler than the latter [35]. 125 

In membrane electrolysis systems, the desired species are concentrated in one of the 126 

compartments, while the other species are retained in the other compartment. Thus, its 127 

efficiency depends strongly on the ionic species present in the electrolyte and the 128 

operating conditions, such as ion concentration, pH, and temperature [37]. Therefore, 129 

cyclic voltammetric studies are essential to guarantee the efficiency of membrane 130 

electrolysis by evaluating the electrodeposition kinetics of the species and determining 131 

the optimal operating conditions. The use of membrane electrolysis for treating the 132 

elution solution of ion-exchange resins used in the treatment of copper electrorefining 133 

solutions may be very promising, as it is an environment-friendly technique which does 134 

not generate waste, allows the extraction and recovery of valuable metals, such as Sb and 135 

Bi, and the return of pure HCl to the elution step. However, studies must be carried out 136 

to make this method technically and economically viable.  137 

The present work aimed to evaluate, by cyclic voltammetry, the influence of the most 138 

important operating parameters on the electrodeposition of Sb and Bi present in HCl 139 

solution in order to foster membrane electrolysis applications. The experiments were 140 

carried out with synthetic solutions simulating the one generated in the elution step of 141 

ion-exchange resins used to treat copper electrorefining solutions contaminated with 142 

those metals. The parameters evaluated were Sb(III), Bi(III) and HCl concentration, 143 

dilution factor of the solution, the presence of thiourea as a complexing agent, the 144 
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presence of iron ions as an impurity, and temperature. The electrodeposition kinetics of 145 

the species were also studied by evaluating the effects of the scan rate on the cyclic 146 

voltammograms.  147 

 148 

2. Materials and Methods 149 

2.1. Membrane electrolysis cell 150 

The experiments were conducted in a two-compartment cell separated by a commercial 151 

cation-exchange membrane. The anode compartment was fed with 100 ml of a H2SO4 152 

solution, whereas the cathode compartment was fed with 100 ml of the working solution 153 

composed of HCl, Sb(III) and Bi(III) ions. The solutions were prepared with H2SO4, HCl 154 

(Química Moderna Ind. e Com. Ltda, Barueri, Brazil), Sb2O3, BiO3 (Dinâmica Química 155 

Contemporânea, Indaiatuba, Brazil), and distilled water. A potentiostat/galvanostat 156 

(Autolab PGSTAT 20, Utrecht, The Netherlands) was used for controlling the 157 

experiments. The tests were performed within the potential range of −1.3 V to 1.5 V. All 158 

the experiments were conducted in triplicate and the estimated relative error between the 159 

curves was below 5%. A schematic representation of the cell is presented in Figure 1. 160 

This cell configuration was used because antimony and bismuth in highly concentrated 161 

HCl solutions form mainly complex chloride-based anions [6,7]. The cation-exchange 162 

membrane avoids the migration of these anions, as well as the transport of Cl- ions, 163 

towards the anode. Thus, the metals are deposited at the cathode without formation of 164 

gaseous Cl2 at the electrodes, which is corrosive and harmful to human health. 165 

 166 

Figure 1 – A schematic representation of the membrane electrolysis cell. 167 
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The working, reference and counter electrodes were made of titanium, Ag/AgCl and 168 

platinum, respectively. In the evaluation of the temperature effect, titanium was used as 169 

working electrode, platinum as reference electrode, and titanium coated with titanium and 170 

ruthenium oxides (70RuO2/30TiO2) as counter electrode due to the low stability of 171 

Ag/AgCl at high temperatures. Before each experiment, the working and counter 172 

electrodes were polished with 240 and 500 emery paper, rinsed with distilled water and 173 

dried.  174 

 175 

2.2. Ion-exchange membrane 176 

The cation-exchange membrane used was the IONSEP-HC-C, also known as HDX100 177 

(Hangzhou Iontech Environmental Technology Co., Ltd., China), which is heterogeneous 178 

and contains sulfonic acid groups. This membrane has been widely used in electrodialytic 179 

processes [38,39] and its characteristics are described elsewhere [40]. 180 

 181 

2.3. Experimental conditions 182 

The working solution present in the cathode compartment contained 1 g/L of Sb(III) ions, 183 

0.1 g/L of Bi(III) ions and 6 mol/L of HCl, and its composition was based on the elution 184 

solution originating from ion-exchange resins used in the copper electrorefining process 185 

[2]. In the evaluation of the presence of thiourea as a complexing agent, the following 186 

molar ratios of thiourea/antimony were tested: 0; 0.5; 1.0; 2.0; 3.0. For the evaluation of 187 

the presence of ferric ions as an impurity, the Fe(III) concentration was set at 0.1 g/L, 188 

which was based on its concentration in the copper electrolyte reported by Cifuentes et al. 189 

[41].  190 

Except for the temperature effect evaluation, the experiments were carried out at room 191 

temperature (~20ºC). In the temperature evaluation experiments, four working 192 

temperatures were tested: 20ºC, 30ºC, 40º and 50ºC; before each experiment, the cathodic 193 

and anodic solutions were heated and kept at 2ºC above the working temperature (22ºC, 194 

32ºC, 42ºC, 52ºC) for 5 minutes in a beaker containing the electrodes. Then, the solutions 195 

and electrodes were transferred as quickly as possible to the membrane electrolysis cell 196 

for conducting the test; the temperature of both solutions in the cell was monitored and 197 

the experiments were started when the working temperature was reached (20ºC, 30ºC, 198 

40ºC, 50ºC). The final temperature of the solutions was also measured, which was found 199 
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to be approximately 2°C below the working temperature (18ºC, 28ºC, 38ºC, 48ºC), 200 

respectively. Therefore, the temperatures reported herein varied by up to -2ºC due to their 201 

decrease throughout the experiments. 202 

The solution in the anodic compartment was composed of H2SO4 containing the same 203 

molar concentration of protons as the one on the cathodic side. Thus, in most of the tests, 204 

the H2SO4 solution presented a concentration of 3 mol/L, except for the evaluations of 205 

the effects of solution dilution and of the HCl concentration in the cathodic solution. 206 

Table 1 presents the experimental conditions of the experiments performed.  207 

Table 1 – Experimental conditions of the tests 208 

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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 209 

3. Results and Discussion 210 

3.1. Effect of the presence of Sb and Bi in HCl solution 211 

Speciation diagrams for the solutions of Sb (1 g/L) + HCl (6 mol/L), Bi (0.1 g/L) + HCl 212 

(6 mol/L), and Sb (1 g/L) + Bi (0.1 g/L) + HCl (6 mol/L) were constructed with the aid 213 

of Hydra-Medusa software [42] using equilibrium constants data present in ref. [14]. 214 

According to Figure 2, antimony and bismuth are present in the working solution (at 215 

pH 0) mainly as SbCl6
3-, SbCl5

2- and BiCl6
3-, BiCl5

2- species, respectively. Solutions 216 

containing Sb also present a relevant concentration of SbCl4
- species, whereas the 217 

concentration of BiCl4
- can be considered negligible in the solutions containing Bi. 218 

219 

 220 

Figure 2 – Speciation diagram constructed for the solution of (a) Sb (1 g/L)+HCl (6 M), 221 

(b) Bi (0.1 g/L)+HCl (6 M), and (c) Sb (1 g/L)+Bi (0.1 g/L)+HCl (6 M).  222 

 223 

Figure 3 presents the cyclic voltammograms constructed with Sb+HCl, Bi+HCl and 224 

Sb+Bi+HCl solutions at 0.02 V/s. Typical cyclic voltammetry curves were obtained for 225 
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antimony and bismuth in HCl solution, indicating that both metals can be deposited onto 226 

the Ti substrate.  227 

 228 

Figure 3 - Cyclic voltammograms constructed at a scan rate of 0.02 V/s with solutions 229 

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). 230 

Insets show the oxidation and reduction peaks. 231 

 232 

When Sb and Bi are present separately in the HCl solution (Sb+HCl and Bi+HCl), only 233 

one reduction peak is observed, which is related to the deposition of the elemental metal 234 

from Sb(III) and Bi(III) species, respectively. The Sb and Bi reduction peaks show a 235 

significant difference in their current density values (-4.0 mA/cm² and -0.43 mA/cm², 236 

respectively) mainly due to the higher Sb concentration. Regarding the overpotential, 237 

both metals begin to deposit at approximately -0.28V, with the Sb peak appearing 238 

at -0.36V and the Bi peak at -0.33V. The reduction peaks of each metal present distinct 239 

shapes. Note that the Sb peak is sharp and well defined, whereas the Bi peak is smoother 240 

and extends towards more negative overpotentials, showing a limiting current density. 241 

This may be an indication of the greater diffusion control for bismuth deposition than for 242 

that of antimony [43]. The considerably lower concentration of Bi may also have favored 243 

this behavior. The shape of the curves obtained agrees well with the cyclic voltammetric 244 

curves reported by Kang et al. [44], which were obtained with concentrations of Sb 245 

(1.2 g/L) and Bi (0.2 g/L) similar to those tested in our work, but at a much lower 246 

concentration of HCl (0.35 mol/L). 247 
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When Sb and Bi are present simultaneously in the solution (Sb+Bi+HCl), the deposition 248 

of the metals takes place in two steps. Firstly (at -0.2V), there is a gradual negative shift 249 

of current density towards more negative potentials, showing a plateau related to the 250 

deposition of Bi. Then, from approximately -0.32V, the cathodic current density shows a 251 

strong increase reaching a peak at -0.36V, which is related to the deposition of Sb. Note 252 

that the peaks of Sb when it is present separately and together with Bi in the solution are 253 

practically superimposed, which indicates that the presence of Bi practically does not 254 

affect the current density and potential values at which Sb is electrodeposited. This can 255 

be explained by the complexes formed in each of the solutions evaluated (Figure 2). Note 256 

that the predominant species in solutions where Sb and Bi are present separately and 257 

simultaneously are the same (SbCl6
3-, SbCl5

2-, BiCl6
3-, BiCl5

2-) and there is no formation 258 

of complexes involving both metals. Thus, the metals are electrodeposited independently. 259 

For potential values more negative than approximately -0.5V (Sb+Bi+HCl), -0.6V 260 

(Sb+HCl) and -0.7V (Bi+HCl), the cathodic current density shows a strong increase 261 

towards negative values due to the hydrogen evolution reaction (HER). Note that the 262 

behavior caused by this reaction is quite different for each solution evaluated. When Sb 263 

and Bi are present simultaneously in the solution, HER occurs at considerably lower 264 

cathodic potentials than when the metals are individually present. Therefore, the 265 

simultaneous deposition of the metals is hindered, since HER tends to reduce the current 266 

efficiency and, thus, the quality of the deposit. When the electrodeposition occurs under 267 

intense HER, nonadherent powder deposits are generally obtained [15,45]. 268 

When the potential scan is reversed, anodic peaks are observed due to the dissolution of 269 

metals into the solution. For the Bi+HCl solution, a single and well-defined peak is 270 

observed, as to be expected, due to the oxidation of Bi to Bi(III). For the Sb+HCl solution, 271 

the peak shows a subtle post-wave: the main peak is due to the oxidation of Sb to Sb(III), 272 

whereas the post-wave may have appeared due to the presence of an antimony oxide. 273 

When both metals are present simultaneously in the solution, a single anodic peak is 274 

obtained, indicating that Sb and Bi are not oxidatively dissolved independently of one 275 

another. This agrees with the results obtained by Besse et al. [15], who evaluated the 276 

morphology of Sb-Bi films electrodeposited in NaCl 4 mol/L and HCl 1 mol/L media.    277 

Upon the reverse scan, a single current crossover is observed for the solution of Bi+HCl 278 

at all scan rates. On the other hand, two current crossovers appear for the solutions of 279 

Sb+HCl and Sb+Bi+HCl, which is a typical behavior for deposition processes involving 280 
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nucleation, indicating that stable growth centers are formed at the substrate surface when 281 

antimony is present [46,47]. For the solution of Sb+HCl at a scan rate of 0.02 V/s, the 282 

potential of the higher cathodic current crossover is -0.32V (nucleation potential), 283 

whereas the other cathodic current crossover is -0.25V (crossover potential). For the 284 

solution of Sb+Bi+HCl at a scan rate of 0.02 V/s, the nucleation potential is -0.34V, 285 

whereas the crossover potential is -0.23V. 286 

It can be inferred that the presence of the metals together in the Sb+Bi+HCl solution 287 

caused a significant increase in the current density of the oxidation peak, in addition to a 288 

shift towards more positive potentials. After the oxidation peak of Sb and Bi, when they 289 

are together or individually present in the solution, the current density remains at zero as 290 

the potential increases positively, indicating the complete oxidative dissolution of the 291 

metals at the electrode surface [48]. 292 

 293 

3.2. Scan rate evaluation 294 

Figure 4 shows the cyclic voltammetry curves constructed for the (a) Sb+HCl, 295 

(b) Bi+HCl, and (c) Sb+Bi+HCl solutions at scan rates between 0.005 V/s – 0.1 V/s. The 296 

values of current density and potential of the cathodic (𝑖𝑐, 𝐸𝑐) and anodic (𝑖𝑎, 𝐸𝑎) peaks 297 

of the metals in each of the solutions tested were obtained from Figure 4, and the results 298 

are shown in Table 2. The values of cathodic (𝑄𝑐) and anodic (𝑄𝑎) charges are also shown 299 

in Table 2, which were determined by integration of the area under the cathodic and 300 

anodic peaks, respectively, of the current vs. time curves. The Table also presents the 301 

current density ratios of the anodic and cathodic peaks (|𝑖𝑎 𝑖𝑐⁄ |), the difference between 302 

the potential of both peaks (𝐸𝑎 − 𝐸𝑐), and the charge ratios of the anodic and cathodic 303 

peaks (𝑄𝑎 𝑄𝑐⁄ ) obtained at each scan rate. 304 
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305 

 306 

Figure 4 – Cyclic voltammograms for solutions of (a) Sb+HCl, (b) Bi+HCl and 307 

(c) Sb+Bi+HCl at different scan rates (0.005 – 0.10 V/s). Insets show the oxidation and 308 

reduction peaks. 309 

 310 

 311 

 312 

 313 

 314 

 315 

 316 

 317 

 318 

 319 

 320 
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Table 2 - Values of current density, potential and charge of the cathodic (𝑖𝑐, 𝐸𝑐, 𝑄𝑐) and 321 

anodic (𝑖𝑎, 𝐸𝑎, 𝑄𝑎) peaks of the metals in each of the solutions shown in Figure 4. 322 

Solution: Sb + HCl 

 Anodic peak Cathodic peak  

Scan rate 
(V/s) 

𝑖𝑎  (𝑚𝐴 𝑐𝑚²)⁄  𝐸𝑎  (𝑉) 𝑄𝑎   
(𝐶 𝑐𝑚2⁄ ) 

𝑖𝑐(𝑚𝐴 𝑐𝑚²)⁄  𝐸𝑐(𝑉) 𝑄𝑐   
(𝐶 𝑐𝑚2⁄ ) 

|𝑖𝑎 𝑖𝑐⁄ | 𝐸𝑎 − 𝐸𝑐  (𝑉) 𝑄𝑎 𝑄𝑐⁄  

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) 

𝑖𝑎(𝑚𝐴 𝑐𝑚²)⁄  𝐸𝑎  (𝑉) 𝑄𝑎   
(𝐶 𝑐𝑚2⁄ ) 

𝑖𝑐(𝑚𝐴 𝑐𝑚²)⁄  𝐸𝑐(𝑉) 𝑄𝑐   
(𝐶 𝑐𝑚2⁄ ) 

|𝑖𝑎 𝑖𝑐⁄ | 𝐸𝑎 − 𝐸𝑐  (V) 𝑄𝑎 𝑄𝑐⁄  

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) 

𝑖𝑎(𝑚𝐴 𝑐𝑚²)⁄  𝐸𝑎  (𝑉) 𝑄𝑎   
(𝐶 𝑐𝑚2⁄ ) 

𝑖𝑐(𝑚𝐴 𝑐𝑚²)⁄  𝐸𝑐(𝑉) 𝑄𝑐   
(𝐶 𝑐𝑚2⁄ ) 

|𝑖𝑎 𝑖𝑐⁄ | 𝐸𝑎 − 𝐸𝑐  (V) 𝑄𝑎 𝑄𝑐⁄  

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 

 323 

In the forward scan, an increase in scan rate shifted the reduction peaks towards more 324 

negative current densities. This was expected since the thickness of the diffusion 325 

boundary layer is reduced at faster scan rates, which increases the current density [49]. 326 

Figure 5 shows the plot of current density of the cathodic peaks (𝑖𝑐) versus the square root 327 

of the scan rate (𝑣0,5) based on the Randles−Sevcik equation (Equation 1). In Equation 1, 328 

𝑛 is the number of electrons transferred in the reduction step, 𝐷0 and 𝐶0 are the diffusion 329 

coefficient and bulk concentration of the analyte, respectively, 𝐹 is the Faraday constant, 330 

𝑇 is temperature and 𝑅 is the universal gas constant [49,50]. The curves of 𝑖𝑐 vs. 𝑣0,5 331 

showed different shapes for each solution: for Bi+HCl, it showed a linear behavior 332 
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(R² = 0.992), whereas for the solutions with antimony (Sb+HCl and Sb+Bi+HCl) the 333 

curves showed a change in their behavior at 0.04 V/s [0.2 (V/s)1/2]. 334 

 335 

 𝑖𝑐 = 0.446𝑛𝐹𝐶0 (
𝑛𝐹𝑣𝐷0

𝑅𝑇
)

1/2

 Eq. (1) 

 336 

 337 

Figure 5 – Relation of the square root of scan rate and current density of the reduction 338 

peaks obtained with the solutions of Sb+HCl, Bi+HCl, and Sb+Bi+HCl, respectively. 339 

 340 

In the reverse scan, an anomalous effect occurred on the oxidation peaks. For the Sb+HCl 341 

and Bi+HCl solutions, as the scan rate increased from 0.005 V/s to 0.02 V/s, the current 342 

density of the anodic peaks also increased. This behavior was expected since the 343 

relationship between current density (𝑖) and scan rate (𝑣) tends to be similar in the 344 

reduction and oxidation steps. However, at scan rates above 0.04 V/s, the current density 345 

of the anodic peak (𝑖𝑎) remained practically unchanged, showing a subtle downward 346 

trend. This is more evident for the Sb+Bi+HCl solution, as 𝑖𝑎 remained constant between 347 

0.005 V/s – 0.02 V/s and showed a strong reduction between 0.04 V/s - 0.1 V/s. As the 348 

anodic peaks did not follow a linear behavior as a function of scan rate, the plot of 349 

𝑖𝑎versus 𝑣0,5 based on the Randles−Sevcik equation is not shown herein. This change in 350 

the behavior of the reduction and oxidation peaks of the curves at 0.04 V/s, especially for 351 

the Sb+Bi+HCl solution, indicates that this scan rate value delimits the scan rate range 352 
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within which the reactions exhibit more reversible or non-reversible behaviors, as will be 353 

discussed below. 354 

According to Table 2, the 𝑖𝑎 𝑖𝑐⁄  and 𝑄𝑎 𝑄𝑐⁄  ratios deviate from unity mainly for the 355 

solutions containing bismuth (Bi+HCl and Sb+Bi+HCl). Non-unity 𝑖𝑎 𝑖𝑐⁄   and 𝑄𝑎 𝑄𝑐⁄  356 

ratios are typical of irreversible processes and indicate homogeneous kinetic behavior or 357 

other complex phenomena occurring at the electrode. Note in Table 2 that the 𝑖𝑎 𝑖𝑐⁄  and 358 

𝑄𝑎 𝑄𝑐⁄  ratios are not independent of scan rate, which also indicates that the process is not 359 

electrochemically reversible. As the scan rate increases, the 𝑖𝑎 𝑖𝑐⁄  and 𝑄𝑎 𝑄𝑐⁄  ratios 360 

decrease and approach the unity value. In this case, the voltammogram appears more 361 

reversible at higher scan rates, as it is to be expected [51].  362 

Another indication of the non-reversibility of the reactions is the values of anodic and 363 

cathodic peaks separation (𝐸𝑎 − 𝐸𝑐) shown in Table 2 since they are much greater than 364 

59 𝑚𝑉 𝑛⁄ , which is considered a threshold value for reversible reactions [51]. In this case, 365 

the irreversibility of the reactions occurring in the tested solutions follows the trend: 366 

Bi+HCl < Sb+HCl < Sb+Bi+HCl. This irreversible behavior of the electrodeposition of 367 

Sb and Bi, when they are separated or present together may be explained by the extremely 368 

high acidity of the solutions since protons act as a barrier to electron transfer making the 369 

process sluggish [50]. In any case, further studies should be conducted to shed more light 370 

on the irreversible behavior of the reactions. Considering the similarity of the behavior of 371 

the peaks at scan rates between 0.05 V/s - 0.02 V/s, the next evaluations will be carried 372 

out at 0.02 V/s. 373 

 374 

3.3. Sb and Bi concentration 375 

The influence of the concentration of Sb and Bi on the cyclic voltammetry curves was 376 

evaluated and the results are shown in Figure 6. 377 
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378 

 379 

Figure 6 – Cyclic voltammograms for solutions of (a) Sb+HCl, (b) Bi+HCl and 380 

(c) Sb+Bi+HCl at different concentrations of metals (0.25 – 4.0 g/L for Sb(III) and 381 

0.025 - 0.40 g/L for Bi(III)). Insets show the oxidation and reduction peaks. 382 

 383 

Note that for the Sb+HCl solution (Figure 6a), the reduction peaks shift towards cathodic 384 

current densities as the concentration increases, but the potential value of the peaks 385 

remains virtually unchanged. This indicates that the antimony deposition rate is affected 386 

kinetically by its concentration. For the Bi+HCl solution (Figure 6b), the peaks showed a 387 

strong shift towards cathodic currents and a slight shift towards more negative 388 

overpotentials with increasing concentration. Therefore, the bismuth deposition rate is 389 

affected both kinetically and thermodynamically by its concentration. This difference 390 

between the electrodeposition of metals as a function of their concentration indicates a 391 

greater contribution of the migrational component to the bismuth deposition, which may 392 

be related to the difference in the diffusion controlled contribution to the mass transfer 393 

for each metal and the lower concentration of bismuth [52], as discussed in the previous 394 

sections. According to the speciation diagram (Figure S1 of Supplementary Material) 395 

constructed for each of the solutions shown in Figure 6, the increase in the concentration 396 

of Sb and Bi does not alter the type of predominant species in the solutions since their 397 
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concentrations increase practically in the same proportion. Only solutions containing Sb 398 

show an additional species (SbCl2
+) when the concentration of this metal is greater than 399 

approximately 1.5 g/L.  400 

When the potential scan is reversed, the anodic peak shows the same behavior for the 401 

three solutions: a sharp increase towards more positive currents and a subtle shift towards 402 

more positive potentials. Furthermore, Figure 6a shows that as the concentration of 403 

antimony increases in the Sb+HCl solution, the presence of a shoulder related to the 404 

dissolution of a different Sb phase becomes more prominent, which must be related to the 405 

presence of some oxide. When bismuth is present together with antimony in solution 406 

(Figure 6c), this shoulder becomes less apparent, indicating that the presence of Bi even 407 

at low concentrations may inhibit the dissolution of Sb species. The latter may explain 408 

the stronger increase in the current density of the oxidation peak shown in Figure 3 when 409 

Sb and Bi are present simultaneously in the solution.  410 

The increase in concentration also causes an increase in the distance between the 411 

reduction and oxidation potential peaks of the metals and in the 𝑄𝑎 𝑄𝑐⁄  ratios (Table S1 412 

of Supplementary Material), especially for solutions in which antimony is present 413 

separately or together with Bi, thus indicating a more profound electrochemical 414 

irreversibility. According to Table S1, the electrochemical irreversibility is more 415 

accentuated in Sb+HCl and Sb+Bi+HCl solutions presenting Sb concentrations from 416 

1.0 g/L - 1.5 g/L, which must be associated with the shoulder visible in the curves of the 417 

most concentrated solutions containing Sb (Figure 6). This behavior of the concentrated 418 

solutions may also be related to the formation of the SbCl2
+ species, which appear in the 419 

solution only when the Sb concentration is equal to or greater than 1.5 g/L (Figure S1). 420 

 421 

3.4. HCl concentration 422 

The influence of HCl concentration on the cyclic voltammetry curves is shown in 423 

Figure 7. 424 
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425 

 426 

Figure 7 – Cyclic voltammograms for solutions of (a) Sb+HCl, (b) Bi+HCl and 427 

(c) Sb+Bi+HCl at different HCl concentrations (4 M – 7 M). Insets show the oxidation 428 

and reduction peaks. 429 

 430 

The onset of Sb and Bi reduction appears at more cathodic overpotentials as the 431 

concentration of HCl increases, while the current density of the reduction peaks remains 432 

virtually unchanged. As mentioned in Section 3.2, this negative shift of potential can be 433 

explained by the extremely high concentration of H+ ions on the electrode surface acting 434 

as a coulombic barrier to the access of the species of Sb and Bi, which hinders their 435 

electrodeposition [53]. As shown in the speciation diagram (Figure S2 of Supplementary 436 

Material) constructed for the solutions present in Figure 7, increasing HCl concentration 437 

causes a subtle difference in the predominant species containing Sb and Bi. As the 438 

concentration of HCl increases, there is an increase in the concentration of species with 439 

charge 3 (SbCl6
3- and BiCl6

3-) and a reduction in the concentration of species with 440 

charge 2 (SbCl5
2- and BiCl5

2-) and 1 (SbCl4
- and BiCl4

-), in addition to the neutral species 441 

SbCl3. Although this difference is subtle when compared to the increase in proton 442 

concentration, this may also have influenced the shift of the overpotential at which the 443 

metals are electrodeposited. In this case, operating the membrane electrolysis with less 444 



19 
 

acidic solutions would require less energy, in addition to extend the lifespan of the 445 

membranes, which should not be exposed to extreme pH conditions [38]. However, the 446 

use of HCl concentrations lower than 5 mol/L tends to hinder the extraction of Sb and Bi 447 

from the ion-exchange resins, reducing the efficiency of the resin elution step [25].  448 

The shift of the oxidation peaks towards less positive potentials with increasing HCl 449 

concentration indicates involvement of H+ in the stripping process of the metals. The 450 

lower the concentration of H+, the easier the oxidation of the deposited metals, which 451 

agrees with the reduction section of the curves and with the discussions in Section 3.2. 452 

According to Table S2 of Supplementary Materials, increasing the HCl concentration 453 

reduces the electrochemical irreversibility of the Sb and Bi electrodeposition reaction 454 

when the metals are present separately in the solution (Sb+HCl and Bi+HCl), since the 455 

𝑄𝑎 𝑄𝑐⁄  ratio approaches the unit value. On the other hand, increasing the HCl 456 

concentration intensifies the electrochemical irreversibility of the electrodeposition of 457 

both metals when they are present simultaneously in the solution of Sb+Bi+HCl. This 458 

difference in behavior is associated with the inhibition of the dissolution of Sb and Bi 459 

from the Sb-Bi phase formed when the metals are simultaneously present in the solution, 460 

leading to a strong increase in the current density of the anodic peak, as discussed in 461 

previous sections. 462 

 463 

3.5.Dilution factor 464 

Considering the disadvantages of conducting the elution of the resins with HCl solutions 465 

at concentrations lower than 5 mol/L and the advantages of operating the membrane 466 

electrolysis in less acidic conditions, the effect of diluting the working solution in 467 

different proportions was evaluated. Solutions presenting 35%, 50% and 75% of the 468 

concentration of the original one (100%) were studied. In this case, the anodic H2SO4 469 

solution was also diluted with the same proportion of the cathodic solution. The results 470 

of the effect of the solution dilution on the cyclic voltammetry curves are shown in 471 

Figure 8. 472 
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473 

 474 

Figure 8 – Cyclic voltammograms for solutions of (a) Sb+HCl, (b) Bi+HCl and 475 

(c) Sb+Bi+HCl prepared with different dilution factors (35%, 50%, 75% and the 476 

original one – 100%). Insets show the oxidation and reduction peaks. 477 

 478 

As can be seen, the solution dilution causes a shift of the reduction peak of the metals 479 

towards less negative potential and current densities values when the metals are separated 480 

or together in solution. This can be explained by the reduction in the conductivity of the 481 

solution as it becomes more diluted, in addition to the alteration of the predominant 482 

species present in the solution. As shown in the speciation diagrams (Figure S3 of 483 

Supplementary Material) constructed for the solutions present in Figure 8, the solution 484 

dilution favors an increase in the concentration of species with charge 1 (SbCl4
- and 485 

BiCl4
-) and the neutral SbCl3, while the concentration of species with charge 3 (SbCl6

3- 486 

and BiCl6
3-) and 2 (SbCl5

2- and BiCl5
2-) is reduced.  487 

Regarding the oxidation of the metals in the Sb+HCl and Bi+HCl solutions, the anodic 488 

peaks show a shift towards more positive potentials and less positive current densities as 489 

the solution becomes more diluted. For the Sb+Bi+HCl solution, the oxidation peak 490 

shows a subtle change in the potential towards more positive values, while the current 491 

density becomes less positive as the dilution increases. According to Table S3, diluting 492 
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the solutions affects the 𝑄𝑎 𝑄𝑐⁄  ratio of each of them differently. Increasing the dilution 493 

of the solutions in which the metals are present separately (Sb+HCl and Bi+HCl) 494 

practically does not alter the electrochemical irreversibility of the reactions. On the other 495 

hand, the more the Sb+Bi+HCl solution is diluted, the more reversible the reaction 496 

becomes. This difference in the behaviors supports the discussions made in sections 3.3 497 

and 3.4 on the inhibition of the dissolution of Sb and Bi from the Sb-Bi phase. These 498 

results suggest that diluting the working solution would decrease considerably the energy 499 

consumption of the membrane electrolysis operation. On the other hand, the volume of 500 

solutions to be treated would increase, and the pure HCl solution should be concentrated 501 

again before returning to the elution step. One of the possible techniques that can be used 502 

for this purpose is membrane distillation [54,55], but dedicated studies need to be carried 503 

out to evaluate the technical and economic feasibility of the process. 504 

 505 

3.6.Temperature 506 

The effect of the temperature of the cathodic and anodic solutions on the cyclic 507 

voltammetry curves was evaluated and the results are shown in Figure 9. 508 

509 

 510 
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Figure 9 – Cyclic voltammograms for solutions of (a) Sb+HCl, (b) Bi+HCl and 511 

(c) Sb+Bi+HCl at different temperatures (20ºC, 30ºC, 40ºC and 50ºC). Insets show the 512 

oxidation and reduction peaks. 513 

 514 

The increase in temperature between 20ºC and 50ºC showed different behaviors for the 515 

tested solutions. For Sb+HCl, the temperature increase shifts the reduction peaks towards 516 

less negative potentials, while the current density of the peaks remains practically 517 

unchanged. In this case, the greater mobility of ions in solutions at higher temperatures, 518 

which present lower viscosity and resistance, does not cause an increase in the current 519 

density of the peaks. This indicates that diffusion of Sb ions does not limit their 520 

electrodeposition, as suggested in previous sections. The curve obtained at 50ºC showed 521 

a double reduction peak, which may be related to the oxidation of Sb(III) to Sb(V) in the 522 

solution due to the high temperature followed by the reduction of both species at the 523 

electrode. Regarding the oxidation peaks during the reverse scan, the increase in 524 

temperature causes a shift towards more positive potentials, and in this case, the current 525 

density of the peaks also shows a significant increase, especially at 50ºC. According to 526 

Table S4 of Supplementary Material, increasing the temperature increases the 527 

electrochemical irreversibility of the Sb electrodeposition reaction since the area under 528 

the anodic peak increases considerably while the area under the cathodic peak remains 529 

virtually unchanged (Figure 9). For the Sb+HCl solution, it is also noted that the increase 530 

in temperature favors HER strongly, which occurs at less negative potentials when higher 531 

temperatures are used. This may reduce the current efficiency and the quality of the 532 

deposits.  533 

For the Bi+HCl solution, the shift of the reduction peaks towards less negative potentials 534 

was accompanied by the displacement of the current density towards more negative 535 

values, differently from what was observed for the Sb+HCl solution. This difference in 536 

behavior can be attributed to the effect of temperature on the species diffusion in the 537 

solutions. As it is well-known, when the electrolyte temperature increases, the 538 

concentration of the reducible species also increases in the cathode diffusion layer due to 539 

the increase in the rates of diffusion [56]. Therefore, the increase in the concentration of 540 

Bi species at higher temperatures leads to more negative current densities, which have 541 

occurred only with bismuth because the diffusion transport control for bismuth is greater 542 

than that for antimony. When the scan is reversed, the curves of Bi+HCl solution show a 543 
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pre-wave followed by the oxidation peak, which becomes more pronounced with 544 

increasing temperature. The oxidation peaks show a shift towards more positive current 545 

densities, whereas the potential remains virtually unchanged. According to Table S4, 546 

increasing the temperature of the Bi+HCl solution increases the irreversibility of the Bi 547 

electrodeposition reaction, but in a much smaller proportion than for Sb due to the 548 

different effect of diffusion on the reduction/oxidation of each metal. The increase in 549 

temperature also favors the occurrence of HER at less positive potentials, but this effect 550 

is less pronounced for the Bi+HCl solution than for Sb+HCl one. 551 

For the Sb+Bi+HCl solution, the behavior of the curves is very similar to that presented 552 

for Sb+HCl. Note that for 50ºC, two reduction peaks are observed due to the oxidation of 553 

Sb(III) to Sb(V) followed by the reduction of both species. The current density of the 554 

reduction peaks was practically unchanged; therefore, bismuth is not able to change this 555 

behavior of the curve, probably due to its low concentration. In all tested solutions, an 556 

increase in the current density of the anodic peak was noted with increasing temperatures. 557 

This is related to the intensification of mass transfer and the enhanced electrochemical 558 

reaction kinetics during the oxidation of the species from the electrode to the solution, 559 

which has lower resistance at higher temperatures [11]. As shown in Table S4, the 560 

increase in the current density of the anodic peaks of the Sb+HCl+HCl solution caused a 561 

strong increase in the 𝑄𝑎 𝑄𝑐⁄ , ratio, indicating that the Sb-Bi phase deposition reaction 562 

becomes considerably more irreversible at higher temperatures. 563 

The results presented in this section are in line with those recently reported by Thanu et 564 

al. [7]. The authors tested the effect of temperature on the electrolysis of Sb and Bi in 565 

hydrochloric medium by determining the amount of metals deposited on the electrode. 566 

The potential was set at -0.5V while the temperature was varied between 30ºC – 70ºC. 567 

The authors noted that increasing temperature reduces the deposition of both metals and 568 

justified this behavior by the hydrogen evolution reaction. According to our Figure 9, the 569 

potential shift towards less cathodic values with increasing temperature may have been 570 

responsible for the reduction in the electrodeposition of Sb and Bi obtained by Thanu et 571 

al. [7]. Despite this reduction in the amount of electrodeposited material observed by the 572 

authors, they noticed an increase in the cathodic current efficiency with increasing 573 

temperature, which may be related to the reduction in solution viscosity and resistance. 574 

Similar results were obtained also by Awe et al. [57] in the electrodeposition of Sb in 575 

alkaline medium. 576 
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With the current values of the reduction peaks of Sb and Bi shown in Figure 9, a graph of 577 

ln(𝑖) vs. 1 𝑇⁄  was plotted based on the Arrhenius-like expression (Equation 2) to calculate 578 

the apparent activation energy of the electrodeposition of the metals. In Equation (2), 𝑖 is 579 

the peak reduction current (A), 𝐵 is a constant, 𝐸𝐴 is the apparent activation energy 580 

(kJ/mol), 𝑅 is the universal gas constant (kJ/mol.K) and 𝑇 is temperature (K).  581 

 
ln(𝑖) = 𝐵 −

𝐸𝐴

𝑅𝑇
 

Eq. (2) 

 582 

For the Sb+HCl solution, the curve of ln(𝑖) vs. 1 𝑇⁄  obtained was not linear (not shown), 583 

therefore, it was not possible to determine the apparent activation energy. For the Bi+HCl 584 

solution, the curve obtained approached a straight line (Figure 10) and the calculated 𝐸𝐴 585 

was 9.651 kJ/mol. This very low activation energy supports previous discussions on the 586 

diffusive control of bismuth electrodeposition [58]. 587 

 588 

Figure 10 – Arrhenius plot for the solution of Bi+HCl. 589 

 590 

3.7.Presence of thiourea as a complexing agent 591 

The addition of thiourea in the elution step has been tested in recent years as it promotes 592 

the removal of Sb(V) from the ion-exchange resins, which is otherwise extremely difficult 593 

to elute with pure HCl solutions [6,25,31]. Figure 11 shows the influence of the presence 594 

of thiourea as a complexing agent on the cyclic voltammetry curves of Sb and Bi.  595 
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596 

 597 

Figure 11 – Cyclic voltammograms for solutions of (a) Sb+HCl+thiourea, 598 

(b) Bi+HCl+thiourea and (c) Sb+Bi+HCl+thiourea with different thiourea/Sb molar 599 

ratios (0; 0.5; 1; 2; 3). Insets show the oxidation and reduction peaks. 600 

 601 

Except for the curve constructed without thiourea, the behavior of the Sb+HCl 602 

(Figure 11a) and Bi+HCl (Figure 11b) solutions is very similar. In both cases, the onset 603 

of Sb and Bi reduction appears at more cathodic overpotential with the increase of 604 

thiourea concentration. The addition of thiourea causes a shift of the reduction peaks 605 

towards more negative potentials and less negative current densities. Note that for 606 

Sb+HCl solution with thiourea/Sb molar ratio of 0.5, the reduction peak splits in two, 607 

indicating that the thiourea concentration is insufficient to complex all Sb ions. For the 608 

Sb+Bi+HCl solution (Figure 11c), the addition of thiourea also causes a shift of the 609 

reduction peak towards more negative potential values, whereas the current density shows 610 

the opposite effect: a shift towards less negative values. These results suggest that the 611 

increase in thiourea concentration induces a higher inhibition of Sb and Bi reduction, 612 

which may be explained by the greater stability of Sb-thiourea and Bi-thiourea 613 

complexes: according to the Nernst equation, the increase in the stability of the metal 614 

complex causes an increase in the cathodic overpotential. Speciation diagrams for the 615 
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solutions shown in Figure 11 could not be constructed in the present work due to lack of 616 

equilibrium constants data in the literature for reactions involving Sb-thiourea and 617 

Bi-thiourea complexes in a hydrochloric medium. Another possible reason for the 618 

behavior observed on the cyclic voltammogram is adsorption of thiourea on the cathode 619 

surface, thus acting as a physical barrier and hindering the Sb-Bi deposition [59,60]. On 620 

the other hand, the addition of thiourea may improve the homogeneity of the Sb-Bi 621 

deposits as occurs in the electrodeposition of other metals [2,61]. The effects of thiourea 622 

on the quality of the electrodeposits should be evaluated in further studies. 623 

Regarding the oxidation peaks, they showed a reduction in current density with increasing 624 

thiourea concentration, especially for the Sb+HCl and Sb+Bi+HCl solutions, which 625 

supports the suggestion on the hindered deposition of the metals when thiourea is present 626 

in solution [62]. According to Table S5 of Supplementary Material, increasing the 627 

concentration of thiourea increases the irreversibility of the Sb electrodeposition reaction 628 

in the Sb+HCl and Sb+Bi+HCl solutions, while the irreversibility for the Bi+HCl solution 629 

is practically unaffected by the presence of the complexing agent. This supports the 630 

previous discussions about the inhibition of the electrodeposition of the metals in the 631 

presence of thiourea and the phenomenon of adsorption of thiourea on the cathode 632 

surface, which occurs more intensely in solutions containing Sb. 633 

 634 

3.8.Presence of Fe ions as an impurity 635 

The influence of the presence of ferric ions was evaluated since they may also be present 636 

in the electrorefining and elution solutions as an impurity [6,63]. The results obtained are 637 

shown in Figure 12. The presence of iron practically does not affect the cyclic 638 

voltammetry curves since the reduction and oxidation peaks remain virtually unchanged. 639 

Cyclic voltammetry curves with a solution composed of Fe(III)+HCl (without Sb and Bi) 640 

were also constructed to support these results and no oxidation and reduction peaks of 641 

Fe(III) deposition was observed (not shown herein). Therefore, the presence of iron in the 642 

solution as an impurity does not affect the deposition of Sb and Bi in the membrane 643 

electrolysis. These results are supported by the speciation diagrams (Figure S4 of 644 

Supplementary Material) constructed for the solutions shown in Figure 12 since the 645 

addition of Fe(III) ions does not affect the composition of the complexes containing Sb 646 

and Bi. Note that the main species formed containing iron are FeCl2
+ and FeCl3, which 647 
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do not affect the electrodeposition of the metals. This inability of iron to deposit or alter 648 

the Sb and Bi peaks is also in agreement with the literature, because iron reduction is 649 

inhibited in HCl solutions at very low pH values [64,65]. As shown in Table S6 of 650 

Supplementary Material, the presence of iron practically does not change the values of 651 

𝑄𝑎 𝑄𝑐⁄ , and therefore the irreversibility behavior of the reactions for the three solutions 652 

tested, since the reduction and oxidation peaks did not show significant changes. 653 

654 

 655 

Figure 12 – Cyclic voltammograms for solutions of (a) Sb+HCl+Fe, (b) Bi+HCl+Fe and 656 

(c) Sb+Bi+HCl+Fe. Insets show the oxidation and reduction peaks. 657 

 658 

4. Conclusions 659 

The use of a membrane electrolysis system was proposed for recovering Sb and Bi from 660 

the elution solution of ion-exchange resins used in the treatment of copper electrorefining 661 

solutions contaminated with those metals, and a cyclic voltammetric study was carried 662 

out to evaluate the influence of the most important operating parameters on the process 663 

performance. 664 

The results obtained showed that the reduction, and particularly the oxidation of Sb (1.0 665 

g/L) and Bi (0.1 g/L) in HCl medium (6 mol/L), occur differently when the metals are 666 
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separated and together in solution. When they are both present, the current density needed 667 

to oxidize the metals is considerably greater than if the solution contains only one of the 668 

metals, which indicates a higher energy consumption to oxidize the phase composed of 669 

Sb-Bi. 670 

The evaluation of the scan rate suggested that the electrodeposition reactions of both 671 

metals are not electrochemically reversible, indicating the occurrence of homogeneous 672 

kinetic or other complex phenomena taking place at the electrode. This may be associated 673 

to the extreme acidity of the tested solutions. It was also verified that the diffusion control 674 

for the bismuth electrodeposition is greater than for antimony. 675 

The increase in Sb concentration affects its electrodeposition kinetically, whereas the 676 

increase in Bi concentration affects its electrodeposition kinetically and 677 

thermodynamically. High concentrations of HCl in the solution disfavor the 678 

electrodeposition of both metals because protons act as a coulomb barrier to the access of 679 

metals to the electrode. Although low concentrations of HCl are favorable for 680 

electrodeposition, the use of less acidic solutions in the elution step may hinder the 681 

desorption of metals. Diluting the solution before the membrane electrolysis may be an 682 

alternative, as it could reduce energy consumption. 683 

The solution temperature had a greater effect on the electrodeposition of bismuth than 684 

antimony due to the greater control of diffusion in the electrodeposition of the former. In 685 

all cases, a lower cathodic potential is required to deposit the metals at high temperatures. 686 

On the other hand, increasing temperature favors the hydrogen evolution reaction, which 687 

may impair current efficiency. The activation energy involved in the deposition of 688 

bismuth was calculated by the Arrhenius expression and the value found was 689 

9.651 kJ/mol.  690 

Although the use of thiourea as a complexing agent in the elution of resins has shown to 691 

be promising for promoting the desorption of Sb(V) ions, its presence in the solution was 692 

found to impair the electrodeposition of both metals. Therefore, further studies on 693 

complexing agents capable of removing Sb(V) ions from resins and that do not hinder the 694 

recovery of Sb and Bi in membrane electrolysis should be carried out.  695 

Lastly, the presence of iron as an impurity in the elution solution practically does not 696 

affect the electrodeposition of the metals. 697 
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Further studies should be carried out to assess in depth the irreversible behavior of the 698 

reactions shown herein, the retention/transfer of ions across the cation-exchange 699 

membrane, the influence of the ohmic drop caused by the membrane on the 700 

electrodeposition, and the quality of the deposits obtained under the range of operating 701 

conditions defined in this study. 702 
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