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A B S T R A C T   

Antimony is a metalloid with limited availability as a primary resource, but it is commonly found as an impurity 
in effluents generated in the copper metallurgy. Thus, the development of clean and selective processes to 
recover antimony from these wastewaters would improve the sustainability of the copper production. In this 
work, an emulated effluent of the copper electrorefining industry that contains antimony and hydrochloric acid 
was characterized by means of voltammetric and electrodeposition tests using two different cell configurations: a 
static cell, and a dynamic cell with a rotating disk electrode (RDE). Voltammograms were obtained at varying 
hydrochloric acid and antimony concentrations, inversion potentials, scan rates and RDE rotation rates. Two 
main conclusions were drawn: (a) the deposition of antimony is a mass transfer-controlled process; and (b) an 
increase in hydrochloric acid concentration improves the deposition of antimony. The diffusion coefficient of 
antimony species was obtained applying the Randles-Ševčík and the Levich equations; both of them providing 
very similar values (5.29 ± 0.20 ⋅ 10− 6 cm2 s− 1). The effective electrodeposition of antimony from highly 
concentrated hydrochloric acid solutions was demonstrated. The surface examination of the electrodes revealed 
that compact and adherent deposits of antimony could be obtained under operating conditions that minimize the 
hydrogen evolution reaction in both potentiostatic and galvanostatic modes. Intensified convective regimes by 
using the RDE improve the supply of dissolved antimony towards the electrode surface, thus leading to a 
notorious increase in current density and, consequently, in the rate of antimony deposition.   

1. Introduction 

Antimony was declared as a critical raw material by the European 
Union in 2011 due to the increasing supply-risk and economic relevance 
of this element [1]. Antimony compounds find a wide variety of appli-
cations; among them, as flame retardants, pigments, as components in 
diodes and electronics, and in batteries [2]. In the last years, the ne-
cessity of obtaining Sb from secondary sources has been highlighted on 
account of the shortage of antimony in natural sources [3]. Dupont et al. 
[4] reviewed several options to recover antimony from end-of-life 
products and industrial wastes. Antimony can be recovered from 
wastes generated during the processing of copper [5] and lead [6] 
among others. Leaching and adsorption techniques predominate in 
those studies. Navarro and Alguacil [5] studied the application of carbon 
adsorption for the recovery of antimony and arsenic from a copper 
electrorefining solution. Cao et al. [6] combined leaching and 

distillation to obtain SbCl3 from lead anode slime. In some works, 
leaching is also combined with electrodeposition to obtain metallic Sb: 
Ubaldini et al. [7] recovered metallic antimony from stibnite in a 
two-step process consisting of mineral leaching and antimony electro-
winning. Bergmann and Koparal [8] studied the removal of antimony 
present in spent acid accumulators by electrodeposition. Koparal et al. 
[9] also investigated the viability of removing antimony from sulfuric 
acid solutions by electrodeposition. 

The extraction of copper from mines and subsequent electrorefining 
is one of the industrial processes where the presence of Sb as a secondary 
material is more remarkable. Normally, antimony is present in copper 
ores in the form of impurities [4], which cause problems during the 
electrorefining process as they affect the quality of the final product. 
Moreover, the effluents generated during the process require from 
treatments in order to be properly discharged or reused. 

Depending on the origin of the ores, copper is usually extracted by 
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means of two different procedures: the hydrometallurgical method is 
employed with copper oxide and mixed minerals, while the pyromet-
allurgical method is used with copper sulfide ores [10]. In the hydro-
metallurgical process, leaching of the ores with sulfuric acid is followed 
by solvent extraction; where a solution concentrated in copper is finally 
obtained for the electrowinning process. In the pyrometallurgical pro-
cess, grinding and milling of copper minerals is followed by subsequent 
steps of flotation, filtering and smelting. In both methods, after extrac-
tion of the metal, an electrorefining step is conducted to achieve copper 
of high purity (Fig. 1). As reviewed by Barros et al. [11], in some copper 
industries, the spent electrorefining electrolyte is passed through ion 
exchange beds to separate the metallic impurities and recycle the sul-
furic acid employed in the electrorefining. In those industries, after a 
given number of cycles, the ion exchange system is regenerated with 
hydrochloric acid (HCl) and, as a result, a highly concentrated HCl so-
lution containing mainly Sb and Bi, is obtained. Nowadays, this effluent 
is discarded without recovering the hydrochloric acid and the valuable 
metals present in it. As shown in the last steps of the scheme of Fig. 1, in 
this work, electrodeposition is proposed to treat the solution containing 
Sb to separate the metallic antimony from hydrochloric acid. 

In order to implement the principles of circular economy in the 
copper production, Sb losses should be avoided and the recovered HCl 
solution should be further reused in the regeneration of ion exchange 
resins, thus ensuring a minimal release of effluents. Electrodeposition is 
a simple and economic technique that could be applied in the copper 
industry for recovering Sb and recycling HCl, as proposed by Thanu and 
Jayakumar [12]. One of the characteristic features of the electrolyte 
under study is the high concentration of HCl, 6 M, which causes corro-
sion and implies a challenge for the application of electrochemical 
techniques. On the contrary, the concentration of antimony present in 
the electrolyte is very low, of the order of millimoles per liter. Although 
there are some studies about antimony electrodeposition in hydrochloric 
acid, many of them investigated HCl concentrations below 1 M; for 
example, in the work carried out by Ward and Stickney [13], Sb was 
electrodeposited in a 1 mM HCl solution. Cao et al. [14] compared the 
effect of the HCl concentration (2, 3 and 4 M) on the electrodeposition of 
As-Sb alloys, obtaining the best results with the highest concentration of 
4 M HCl. 

The aim of the present research is to evaluate the electrodeposition of 
Sb present in an electrolyte with high hydrochloric acid concentrations. 

First, the electrochemical behavior of Sb-containing solutions was 
investigated by cyclic and linear sweep voltammetry. Afterwards, elec-
trodeposition experiments were conducted in potentiostatic and galva-
nostatic mode. Finally, the deposits obtained were analyzed by scanning 
electron microscopy (SEM) and energy dispersive X-ray (EDX) 
measurements. 

2. Materials and methods 

2.1. Reagents and solutions 

Synthetic solutions were prepared with analytical grade reagents, 
antimony (III) oxide (Sb2O3 99 %, Sigma-Aldrich) and HCl (37 %, 
Panreac), and distilled water with a maximum conductivity of 
0.001 mS cm− 1 (Type 2 water quality according to ASTM D1193-06 
standard). Different concentrations of Sb (2–20 mM) and HCl (1.5 and 
6 M), which are in the range measured in the real effluents [11], were 
used. The volume of electrolyte was 50 ml in all tests, which was 
replaced with new solution after each experiment. 

2.2. Voltammetric study 

Cyclic voltammetric experiments were conducted using an in-house 
designed three electrode cell with a special face-up electrode configu-
ration that facilitates the removal of gas bubbles generated during the 
tests. The cell has been described in previous works [15] and will be 
referred to as the static cell. The working electrode was a platinum 
electrode (Metrohm for Autolab RDE) with an area of 0.071 cm2. An 
Ag/AgCl (3 M KCl) electrode (Type 6.0733.100, Metrohm) and a plat-
inum ring with an area of 1 cm2 (Type Pt 805-S8/120, Mettler-Toledo) 
were employed as reference and counter electrodes, respectively. Cy-
clic voltammetric experiments were performed using a potential range 
from − 1 to + 1 VAg/AgCl starting at the open circuit potential (OCP) 
toward negative potentials and using scan rates from 10 to 100 mV s− 1. 
In these tests, the concentrations of Sb and HCl were also varied to 
investigate the processes associated with each species present in the 
solutions. Several cycles were performed to stabilize the system and 
ensure the registration of reproducible results. 

In order to study the effect of mass transfer on the electroreduction of 
antimony ions, cathodic polarization curves were performed using a 

Fig. 1. Process flowsheet of the copper electrorefining including the subsequent steps for the recovery of metallic Sb.  
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conventional three electrode cell with a rotating disk electrode (RDE, 
Autolab RDE-2 Metrohm). The working electrodes were the platinum 
disk mentioned previously and a copper disk enclosed in Teflon with an 
area of 0.8 cm2. The reference electrode was an Ag/AgCl (3 M KCl) 
electrode, and the counter electrode was the platinum ring indicated 
above. The experiments were executed at a scan rate of 10 mV s− 1 and 
rotation rates ranging between 500 and 4500 rpm. 

All electrochemical tests were carried out at room temperature 
(25 ◦C) using a potentiostat/galvanostat (Autolab PGSTAT 302N) and 
NOVA 1.10 software. Before each test, the working electrodes were 
polished with different grades of emery papers (500 and 4000 Grit), 
rinsed with distilled water and ethanol, and dried with air. 

2.3. Electrodeposition experiments 

The electrodeposition tests were conducted for 30 min using a 6 M 
HCl solution with a concentration of Sb of 2 mM, in potentiostatic and 
galvanostatic mode, and using both cells to show the influence of the 
rotation rate on the obtained Sb deposits. The working electrode was a 
copper disk enclosed in Teflon with an area of 0.8 cm2. The potentials 
applied in the potentiostatic experiments were selected based on the 
voltammograms obtained previously. The current densities applied in 
the galvanostatic tests using the static cell were selected from the 
average values measured during the potentiostatic experiments. The 
electrodeposition experiments carried out with stirring were conducted 
at 1500 rpm. 

Scanning electron microscopy (SEM, ZEISS Ultra 55) applying an 
acceleration voltage of 20 kV was used to examine the surface 
morphology of the Sb deposits. The composition of the deposits was 
evaluated by an energy dispersive X-ray analyzer (EDX) attached to the 
SEM. 

3. Results and discussion 

3.1. Electrochemical study using the static cell 

Fig. 2 shows three consecutive cyclic voltammograms conducted to 
study the deposition of Sb(III) over a Pt electrode in the potential range 
of − 1 to + 1 VAg/AgCl. The voltammograms obtained in the second and 
third scan appear overlapped, proving that the system has reached a 
steady behavior. 

Some of the redox processes that can take place in an aqueous 
electrolyte composed of antimony and hydrochloric acid are the 
following [16,17]: 

Sb5+ + 2e− ⇆Sb3+ (1)  

Sb3+ + 3e− ⇆Sb0 (2)  

2Cl− ⇆Cl2 + 2e− (3)  

2H+ + 2e− ⇆H2 (4)  

2H2O⇆O2 + 4H+ + 4e− (5) 

If the voltammograms in Fig. 2 are analyzed from the OCP in the 
cathodic direction, two reduction peaks can be seen: peak C1, at 
− 0.39 VAg/AgCl, and peak C2, at − 0.63 VAg/AgCl. Peak C1 corresponds 
to the reduction of the Sb(III) present in the electrolyte into metallic Sb 
at the surface of the working electrode (Eq. (2)). Its corresponding 
oxidation peak (peak A1) is located at − 0.17 VAg/AgCl, which is related 
to the stripping of the previously deposited Sb. The potential of peak C1 
is similar to the reduction potential of Sb(III)/Sb reported in previous 
studies [18,19]. Majidzade et al. [18] noted that the electrodeposition of 
antimony in a 0.05 M SbOCl and 0.007 M C4H6O6 solution using a Pt 
electrode began at − 0.44 VAg/AgCl. Sebez et al. [19] observed the 
reduction of Sb(III) into metallic Sb at − 0.4 VAg/AgCl with a glassy 
carbon electrode using 0.01 M HNO3 and 0.4 mM Sb(III). Peak C2 is 
related to the adsorption of intermediates of the hydrogen evolution 
reaction (HER) at the electrode surface. A peak similar to C2, has also 
been observed by Dubouis and Grimaud [20] at potentials between 
− 0.13 and + 0.17 VAg/AgCl with a 0.5 M H2SO4 electrolyte; they related 
this peak to the discharge of protons at the Pt surface. As seen in Fig. 2, at 
more cathodic potentials than peak C2, the HER takes place (Eq. (4)). 

In the anodic scan, apart from peak A1, another oxidation peak can 
be observed at + 0.75 VAg/AgCl (peak A3), which corresponds to the 
oxidation of Sb(III) to Sb(V) (Eq. (1)). Its corresponding reduction peak 
is C3, which appears at approximately + 0.5 VAg/AgCl (see inset of 
Fig. 2). Catrangiu et al. [21] also observed a second redox couple in Sb 
solutions located near + 0.8 VAg/AgCl and related it to the Sb(III)/Sb(V) 
reaction. Yang and Wu [16] detected the potential of the Sb(III)/Sb(V) 
oxidation process at + 0.35 VAg/AgCl. The variations in the potential 
values observed for this process can be a consequence of the different 
electrolytes employed in each work. It is important to note that peak C3 
is not visible in the first scan because the cyclic voltammogram began at 
+ 0.59 VAg/AgCl (OCP). It is necessary that the oxidation of Sb(III)/Sb(V) 
takes place in peak A3 of the previous scan to observe peak C3 
afterwards. 

The chloride to chlorine oxidation (Eq. (3)) is located at potentials 
higher than + 0.9 VAg/AgCl and its corresponding cathodic reduction 
peak is placed at about + 0.91 VAg/AgCl (peak C4). These values of po-
tential are similar to those attributed by other authors to the chlorine 
reduction; García-Gabaldón et al. detected the reduction of chlorine gas 
at almost the same potential, + 0.9 VAg/AgCl [22]. 

The effect of HCl concentration on the electrochemical behavior of 
the system is presented in Fig. 3. Two different concentrations of HCl 
have been tested, 1.5 and 6 M. Hydrochloric acid concentrations lower 
than 1.5 M could not be used because of the precipitation of Sb(III) 

Fig. 2. Cyclic voltammograms obtained with 2 mM Sb and 6 M HCl using the 
static cell. Scan rate: 10 mV s− 1. Working electrode: Pt. Inset: Zoom of peaks 
A3, C3 and C4. 

Fig. 3. Cyclic voltammograms obtained with 6 M HCl solutions, mixtures of 
6 M HCl and 2 mM Sb; and mixtures of 1.5 M HCl and 2 mM Sb using the static 
cell. Scan rate: 10 mV s− 1. Working electrode: Pt. 
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oxychlorides. Hashimoto et al. [23] also observed this phenomenon 
when they studied the hydrolysis of Sb(III) in hydrochloric acid 
solutions. 

If the voltammogram of HCl in the absence of Sb is analyzed, it can be 
seen that the HER (Eq. 4) begins at − 0.2 VAg/AgCl. With the presence of 
Sb in the electrolyte, peaks C1 and A1, associated with Sb(III)/Sb, and 
peak C2, associated with the adsorption of HER intermediates, can be 
observed. Peak A3, corresponding to the oxidation of Sb(III) to Sb(V), 
cannot be seen in 1.5 M HCl, whereas it is clearly visible in 6 M HCl. 
These findings are in agreement with the ones of Kiekens et al. [24] that 
reported an increase in the redox current for Sb(V) with higher hydro-
chloric acid concentrations. In addition, it can be observed that Sb in-
hibits the HER, which appears at about − 0.2 VAg/AgCl in the absence of 
Sb and at more cathodic potentials when the reaction happens over the 
previously deposited Sb. Other authors have also reported this phe-
nomenon; Del Frari et al. [25] concluded that antimony may act as a 
catalytic poison, causing an overvoltage for the HER. Peak C4, associ-
ated with the reduction of chlorine formed during the oxidation scan, 
increases with the HCl concentration. 

Following with the effects of HCl on the deposition of Sb, it can be 
noted that the current of peaks C1 and A1, attributed to the Sb(III)/Sb 
redox process, increases with the HCl concentration. Therefore, it can be 
concluded that an increase in HCl concentration improves the Sb 
deposition. 

In order to understand the electrochemical reactions taking place in 
the emulated effluent, the distribution of Sb(III) complexes in a chloride 
solution has been obtained. Senanayake and Muir [26] discussed the 
speciation of Sb(III) in chloride solutions, concluding that, in a chloride 
solution at pH < 1, Sb(III) is mainly in the form of chlorocomplexes. The 
solution studied in this work presents a pH value lower than zero, due to 
the high hydrochloric acid concentration, so that the main species of Sb 
(III) present in the solution are chlorocomplexes. In chloride media, the 
antimony complexes that can be formed are SbCl2+, SbCl2+, SbCl3, SbCl4- , 
SbCl52- and SbCl63-. The equilibrium constants and their corresponding 
reactions are presented below [27]: 

Sb3+ + Cl− ⇆SbCl2+ logβ1 = 2.26 (6)  

Sb3+ + 2Cl− ⇆SbCl+2 logβ2 = 3.49 (7)  

Sb3+ + 3Cl− ⇆SbCl3 logβ3 = 4.18 (8)  

Sb3+ + 4Cl− ⇆SbCl−4 logβ4 = 4.72 (9)  

Sb3+ + 5Cl− ⇆SbCl2−
5 logβ5 = 4.72 (10)  

Sb3+ + 6Cl− ⇆SbCl3−
6 logβ6 = 4.11 (11) 

The speciation diagram of Sb(III) in hydrochloric acid solutions as a 
function of pCl was obtained (Fig. S.1, Supplementary material). As can 
be seen, for pCl < 0, all Sb present in the bath is in the form of choro-
complexes. Both hydrochloric acid concentrations employed have been 
marked. Identifying the predominant complex specie as a function of the 
HCl concentration may help us to explain the absence or presence of 
peak A3. For 1.5 M HCl the main specie is SbCl52-, and for 6 M HCl, 
SbCl63-. Hence, peak A3 could be associated with a reaction involving 
SbCl63-. 

To verify the correlation between peak C1 and the electrodeposition 
of Sb, the cathodic inversion potential was varied (see Fig. 4). In these 
experiments, the inversion potentials were − 0.4, − 0.6, − 0.8 and 
− 1 VAg/AgCl. If the scan is reversed at potentials less cathodic than 
− 0.4 VAg/AgCl, no oxidation peak is observed. This fact confirms that the 
Sb(III) reduction begins at potentials near − 0.4 VAg/AgCl, in peak C1. In 
the reverse scan, the current of the dissolution peak of Sb (peak A1) 
increases as a function of the inversion potential, that is, as the amount 
of deposited Sb increases. The potential of peak A1 is independent of the 

inversion potential, which means that there is no change in the deposit 
composition. 

A cyclic voltammetric study with different concentrations of anti-
mony was carried out to verify the hypothesis presented about the peaks 
observed in Fig. 2. In Fig. 5, the effect of the Sb concentration on the 
shape of the voltammograms can be observed. Regarding peak C1, the 
peak current rises with the increase of Sb concentration, which cor-
roborates that C1 is related to Sb deposition. Furthermore, the potential 
of peak C1 is shifted towards less cathodic potentials (Fig. 5 inset), 
which means that the deposition of Sb(III) ions is facilitated by 
increasing their concentration in solution. A similar behavior was 
observed by Majidzade et al. [18] at concentrations of SbOCl between 5 
and 7 mM in a solution of 7 mM C4H6O6. Regarding peak C2, related to 
the adsorption of HER intermediates at the electrode surface, its current 
density decreases at increasing Sb concentrations (Fig. 5). According to 
these results, it can be concluded that Sb acts as an inhibitor of the HER. 

In Fig. 5 it can also be observed that an increase in the Sb concen-
tration causes the detection of a shoulder in peak A1. Various authors 
have tried to explain this phenomenon. Sebez et al. [19] observed a 
second peak at − 0.008 VAg/AgCl following the main oxidation peak in 
consecutive cyclic voltammograms, which was named reoxidation peak 
and was attributed to Sb-hydroxides/oxides that could be formed at 
anodic potentials. The newly formed species may not dissolve, thus 
remaining adsorbed on the electrode surface. Metikoš-Huković et al. 
[28] also observed multi oxidation peaks at − 0.068 VAg/AgCl and 
interpreted them as the nucleation and growth of Sb hydroxide/oxide 
layers. Wang and Wang [29] reported that the oxidation peak split into 
two peaks. The first one, placed at more negative potentials 
(− 0.85 VAg/AgCl) represented the oxidation of the Sb metal on Sb sub-
strate, and the second one, at − 0.75 VAg/AgCl, the oxidation of the first 
Sb layers electrodeposited on the electrode surface. 

Fig. 4. Cyclic voltammograms obtained at various cathodic inversion poten-
tials with solutions of 2 mM Sb and 6 M HCl using the static cell. Scan rate: 
10 mV s− 1. Working electrode: Pt. 

Fig. 5. Cyclic voltammograms obtained for various antimony concentrations 
and 6 M HCl using the static cell. Scan rate: 10 mV s− 1. Working electrode: Pt. 
Inset: Zoom of peak C1. 
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At potentials more anodic than A1, peak A3 associated with the 
oxidation of Sb(III) to Sb(V) becomes larger with an increase in the Sb 
(III) concentration. The same behavior is observed in its corresponding 
reduction peak C3. According to the work of Kiekens et al. [24], the 
predominant chlorocomplex specie of Sb(V) in 6 M HCl solutions is 
SbCl6- ; therefore, the redox process associated with peaks A3 and C3 may 
be represented by the following reaction: 

SbCl3−
6 ⇆SbCl−6 + 2e− (12) 

To further characterize the electrochemical behavior of the Sb(III)/ 
Sb system, which is the reaction of interest for the electrodeposition 
experiments, the influence of the scan rate on the voltammograms of a 
20 mM Sb(III) solution is presented in Fig. 6. It can be seen that the 
potential of the cathodic peak C1 shifts to more negative values and its 
peak current increases with an increase in the scan rate. Regarding the 
effect of the scan rate on the oxidation peak A1, at the lower scan rates of 
10–40 mV s− 1, a single peak located at − 0.1 VAg/AgCl is observed, being 
the peak potential and current independent of the scan rate. Probably, 
this fact is related to the formation of Sb-hydroxides/oxides mentioned 
before. By increasing the scan rate, peak A1 is split into two peaks, 
where the maximum current density of the left part increases, and that of 
the right part decreases. As the scan rate increases, the oxidation of the 
deposited Sb and its diffusion within the solution is faster, thus impeding 
the formation of other compounds such as Sb-hydroxides/oxides. 

Additionally, the increasing current density of peak A1 reveals that, at 
higher scan rates, a thicker Sb deposit is formed, which then requires 
longer times in the anodic scan to get dissolved. The relatively large 
potential difference between the reduction and the oxidation peaks (ΔEp 
= Epa − Epc), larger than 59/n mV, indicates a poor electrochemical 
reversibility of the Sb(III)/Sb system. Sebez et al. [19] highlighted the 
weak reversibility of the redox couple in a 0.4 mM Sb (III) and 0.01 M 
HNO3 mixture due to the significant potential difference between the 
reduction and oxidation peaks. 

According to the Langmuir isothermal adsorption theory, if ion 
adsorption is involved in the electrochemical reaction, the relationship 
between ip and scan rate, ν, is linear. On the contrary, ip changes linearly 
with the square root of scan rate, ν1/2, if the current peak is caused only 
by ion diffusion [30]. The relationships between ip and ν as well as be-
tween ip and ν1/2 for peak C1 have been represented in Fig. 6b. Among 
both types of representation, the relationship between the peak current 
density and the square root of the scan rate is the one which better fits 
into a linear regression, indicating that the Sb reduction reaction is 
controlled by diffusion. The reduction process of Sb(III) into metallic Sb 
has been reported by several authors to be mass transfer-controlled. Wei 
et al. [31] also obtained a linear relationship between ip and ν1/2, con-
firming that the electrodeposition of Sb(III) is controlled by mass 
transfer. Thus, the Randles-Ševčík expression modified for irreversible 
systems at 298 K (Eq. (13)) can be applied [32]: 

Fig. 6. a) Cyclic voltammograms obtained with 20 mM Sb and 6 M HCl using the static cell at various scan rates. Working electrode: Pt. b) Variation of peak C1 
current density as a function of the square root of the scan rate and as a function of the scan rate. c) Variation of peak C1 potential as a function of the logarithm of the 
scan rate. 
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ip = 2.99⋅105⋅n⋅(α⋅nα)
1
2⋅D1

2⋅C0⋅v1
2 (13)  

where α is the transfer coefficient; nα is the number of electrons involved 
in the rate-determining step; D is the diffusion coefficient, cm2 s− 1; C0 is 
the bulk concentration, mol cm− 3; and ν corresponds to the value of the 
scan rate, V s− 1. The value of α⋅nα has been estimated from the expres-
sion deduced by Laviron for cathodic peaks, applied to redox systems 
with ΔEp > 200/n mV [33]. As indicated by Laviron, this value has been 
obtained from the semilogarithmic representation of the cathodic peak 
potential versus the scan rate (Fig. 6c), where the resulting straight line 
has a slope of − 2.3 ⋅ R ⋅ T/α ⋅ nα. According to Eq. (13) and the slope 
obtained from Fig. 6b, the diffusion coefficient related to the Sb depo-
sition, peak C1, is 5.27 ⋅ 10− 6 cm2 s− 1. This value is of the same order of 
magnitude as those obtained by other authors: the diffusion coefficient 
of Sb (III) electrodeposition in alkaline solutions containing xylitol 
calculated by Liu et al. [34] was 1.53 ⋅ 10− 6 cm2 s− 1. 

3.2. Electrochemical study using the RDE cell 

In order to better understand the kinetics of antimony electrodepo-
sition, a set of linear voltammograms was measured on a Pt RDE at 
rotation rates ranging from 500 to 4500 rpm. Fig. 7 presents the linear 
voltammograms obtained in the potential range from 0 to − 0.6 VAg/AgCl 
at a scan rate of 10 mV s− 1. Similar to the results obtained with the static 
cell already shown in Fig. 4, deposition of Sb(III) took place only when 
potential values more cathodic than − 0.32 VAg/AgCl were reached. Be-
tween − 0.4 and − 0.5 VAg/AgCl, approximately, a plateau related to a 
limiting current density is obtained, indicating that the Sb(III) reduction 
is under complete mass transfer-control. As can be seen in Fig. 7, the 
limiting current density increases with the electrode rotation rate. 

The inset of Fig. 7 represents the relationship between the current 
density and the square root of the rotation rate for the plateau current 
density. These values present a linear dependence, which is typical of 
diffusion-controlled processes, in agreement with the Levich theory for 
rotating disk electrodes. Accordingly, the Levich equation (Eq. (14)) 
[35] was applied to obtain the diffusion coefficient (D): 

iL = 0.621⋅n⋅F⋅D2/3⋅v− 1/6⋅C0⋅ω1/2 (14) 

In Eq. (14), F corresponds to the Faraday constant, 
96,485.33 C mol− 1; ν is the solution kinematic viscosity, 0.013 cm2 s− 1 

for a solution containing 6 M HCl at 25 ◦C [36]; and ω is the rotation 
rate, rad s− 1. The diffusion coefficient calculated using this equation is 
5.31 ⋅ 10− 6 cm2 s− 1, which is very similar to the value calculated from 
the Randles- Ševčík equation (Eq. (13)). Previous to the electrodeposi-
tion experiments, linear voltammetric scans were conducted in the RDE 
cell also using a copper electrode, to evaluate the influence of the 
electrode material on the electrochemical behavior of the Sb-HCl 

system. Fig. 8 shows the voltammograms obtained with copper elec-
trodes. The deposition of Sb(III) starts at approximately − 0.33 VAg/AgCl. 
The linear voltammograms include a plateau related to the limiting 
current density of the Sb(III) reduction, which was also observed with 
the platinum electrode (Fig. 7). The plateau obtained with the copper 
electrode appears between − 0.40 and − 0.60 VAg/AgCl. With the plat-
inum electrode, the plateau begins near − 0.40 and ends at 
− 0.50 VAg/AgCl. In both cases, the plateau has a similar shape and cor-
responds to the bulk deposition of antimony. 

The reduction potentials of antimony in both materials, copper and 
platinum, are very similar. Therefore, subsequent antimony electrode-
position experiments were conducted on copper disk electrodes. Copper 
was selected as a suitable electrode material to minimize the cost of 
electrodeposition of Sb in the copper industry. Furthermore, the effi-
ciency of copper as cathode for the electrodeposition of Sb has been 
highlighted in several studies. Bergmann and Koparal [8] studied 
various cathodic materials for the electrochemical deposition of Sb in 
H2SO4 solutions, and concluded that copper is one of the best materials 
for such purpose. 

3.3. Electrodeposition experiments 

As mentioned in Section 2.3, electrodeposition experiments were 
carried out in potentiostatic and galvanostatic mode using both the 
static and the RDE cell. The surface and elemental analysis of the de-
posits obtained using the static cell under potentiostatic conditions are 
shown in Fig. 9. The SEM image of the deposit obtained at − 0.40 VAg/ 

AgCl (Fig. 9a) shows a homogeneous coating and some dispersed globular 
grains of variable size, approximately between 250 and 1250 nm. This 
value of applied potential corresponds to the beginning of the Sb(III)/Sb 
electrodeposition process, as observed in the previous voltammograms. 
When a more cathodic electrode potential of − 0.50 VAg/AgCl is applied 
(Fig. 9b), the electrode surface becomes covered with grains of metallic 
antimony of a size varying between 100 and 200 nm. In addition to this, 
the growth of dendrites of variable size predominates over the granular 
surface. By comparing Fig. 9a with Fig. 9b, it can be seen that an increase 
in potential from − 0.40 to − 0.50 VAg/AgCl involves a decrease in the 
grain diameter. This behavior can be explained by an increased nucle-
ation rate when higher values of potential are applied. As a consequence, 
the deposition starts to take place predominantly in the form of den-
drites instead of granules. 

When the applied potential becomes even more cathodic, reaching 
values of − 0.65 and − 0.80 VAg/AgCl (see Fig. 9c and d), the grain sur-
face, also observed for the other potentials, becomes covered by powder- 
like deposits. At the highest potential, the deposits turn more porous and 
show a low adherence to the substrate. These highly cathodic potentials, 
− 0.65 and − 0.80 VAg/AgCl, correspond to the region in the voltam-
mograms where the HER becomes relevant. Consequently, the intense 
HER impedes the homogeneous growth of metallic Sb and causes deposit 

Fig. 7. Linear sweep voltammograms obtained with 20 mM Sb and 6 M HCl 
solutions using the RDE at various rotation rates. Scan rate: 10 mV s− 1. Working 
electrode: Pt. Inset: Relationship between limiting current density and the 
square root of the rotation speed. 

Fig. 8. Linear sweep voltammograms obtained with 2 mM Sb and 6 M HCl 
solutions using the RDE cell at various rotation rates. Scan rate: 10 mV s− 1. 
Working electrode: Cu. 
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erosion, giving place to highly porous structures. 
Fig. 9e and f show the EDX spectra obtained at two different locations 

marked in Fig. 9d (zone 1 and zone 2 of the electrode surface). As it can 
be seen, in regions where the electrodeposition dominates (zone 1), that 
is, at the edges of the pores, a big peak associated with Sb was obtained 
in the spectrum (Fig. 9e). However, in zone 2, where the formation of 
hydrogen bubbles was vigorous, the deposition of metallic Sb was 
hampered and the substrate electrode material, Cu, is the predominant 
element detected (Fig. 9f). 

When the deposition using the static cell is controlled galvanostati-
cally, the morphologies obtained at a given current density are very 

similar to those previously obtained in potentiostatic mode at the cor-
responding potentials. Fig. 10 shows the SEM images of the deposits 
obtained with the static cell at two levels of constant current density. 
Under the application of a current density of − 4.40 ⋅ 10− 4 A cm− 2 

(Fig. 10a), dispersive and circular grains, with their size varying be-
tween 500 and 700 nm, grow over a homogeneous coating surface. This 
morphology is very similar to that obtained in potentiostatic mode at 
− 0.4 VAg/AgCl, where an average current density of − 4.36 ⋅ 10− 4 

A cm− 2 was registered during the electrodeposition tests (Table S. 1, 
Supplementary material). 

If a higher current density of − 0.001 A ⋅ cm− 2 is applied (Fig. 10b), 

Fig. 9. SEM images of the deposits obtained in potentiostatic mode on copper electrode during 30 min with 2 mM Sb and 6 M HCl using the static cell: a) − 0.40 VAg/ 

AgCl; b) − 0.50 VAg/AgCl; c) − 0.65 VAg/AgCl; d) − 0.80 VAg/AgCl. EDX spectra of the deposit obtained at − 0.80 VAg/AgCl: e) Zone 1; f) Zone 2. 

Fig. 10. SEM images of the deposits obtained in galvanostatic mode on copper electrode during 30 min with 2 mM Sb and 6 M HCl using the static cell: a) 
− 4.40 ⋅ 10− 4 A cm− 2; b) − 0.001 A ⋅ cm− 2. 
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the electrode surface becomes also covered by circular grains, in this 
case of a size between 300 and 400 nm. As occurred in the potentiostatic 
tests when the operation was shifted towards more cathodic conditions, 
an increase in current density in the galvanostatic operation also in-
volves higher deposition rates and leads to smaller grain sizes. A strong 
correlation can be found with the potentiostatic electrodeposition con-
ducted at − 0.50 VAg/AgCl, where an average current density of 
− 7 ⋅ 10− 4 A cm− 2 was registered during the tests. In this case, a shift 
towards more cathodic conditions also involves the formation of den-
drites. In summary, it can be concluded that the morphology of the Sb 
deposits obtained in the galvanostatic tests without stirring is analogous 
to that obtained in the potentiostatic tests in which a similar average 
current density was registered. 

As confirmed in the voltammetric study conducted with the RDE 
(Section 3.2), the process of Sb electrodeposition is controlled by the 
supply of dissolved antimony to the electrode surface, so that higher 
deposition rates may be expected under intensified hydrodynamic 
conditions. This was tested by conducting further electrodeposition tests 
with the RDE under potentiostatic and galvanostatic conditions. The 
potential values for the potentiostatic tests were selected to comprise the 
plateau region of the voltammograms registered at 1500 rpm (Fig. 8): 
− 0.40 and − 0.65 VAg/AgCl (here it is to note that the length of the 
plateau region becomes shorter with an increase of the rotating rate). 
The SEM images of these experiments are presented in Fig. 11. At 
− 0.40 VAg/AgCl (Fig. 11a), the electrode surface appears covered by 
grains of irregular shape, including needles and dendrites of variable 
size. Over this heterogenous layer, the growth of dendrites with a length 
of up to 10 µm predominates. At an applied potential of − 0.65 VAg/AgCl, 
the electrodeposition rate increases (the average current density of this 
test is higher than at − 0.40 VAg/AgCl, see Table S. 2 of the Supplementary 
material); and the deposit turns into powder agglomerates. Further-
more, the growth of the deposit is irregular due to the generation of 
hydrogen bubbles. The predominance of the HER is more visible at the 
highest applied potential because this value corresponds to the end of 
the plateau for this stirring rate (Fig. 8). 

The current densities applied in the galvanostatic experiments with 
the RDE cell were selected taking as a reference the limiting current 
density registered in the voltammogram obtained with the RDE at 
1500 rpm (iL = 0.0147 A cm− 2, see Fig. 8). The experiments were car-
ried out slightly below (− 0.0125 A cm− 2) and at a current density 
significantly exceeding this value (− 0.075 A cm− 2). 

Fig. 12 shows the SEM images of the deposits obtained in galvano-
static mode using the RDE cell. The deposit obtained at 
− 0.0125 A cm− 2 presents a mixed morphology between dendritic and a 
powder-like shape. Although the applied current density is below the 
corresponding iL, the enhanced hydrodynamic conditions improve the 
supply of dissolved antimony to the electrode surface, thus involving a 
higher nucleation rate and the consequent formation of dendrites within 
the 30 min of electrodeposition tests. If the current density is increased 

up to − 0.075 A cm− 2, the obtained deposit becomes entirely porous 
and brittle, as a consequence of the intense HER. The wheat-like grains 
resulting at − 0.0125 A cm− 2 (Fig. 12a) were also observed by Bu et al. 
[37] using choline chloride-ethylene glycol as electrolyte in a titanium 
electrode. As commented above for the static cell, the morphology of the 
deposits obtained in galvanostatic mode is very similar to that obtained 
in potentiostatic tests. The reason for this is that the applied current 
densities are very similar to the average ones measured during the 
potentiostatic experiments (see Table S. 2, Supplementary material). 

In Fig. 8 it was observed that the limiting current density increases at 
higher rotation rates as a consequence of an enhanced electrodeposition 
rate. The improved mass transfer caused by the stirring was also 
confirmed in the electrodeposition tests, since higher current densities 
were reached for the same electrodeposition potential when the system 
was stirred (the average current density was − 4.36 ⋅ 10− 4 A cm− 2 at 
− 0.4 VAg/AgCl under static conditions, whereas it reached the value of 
− 0.0125 A cm− 2 at the same potential under hydrodynamic conditions, 
see Table S. 1, Supplementary material). Although stirring implies 
higher deposition rates, exceeding the limiting current density might 
also imply the formation of porous and weak deposits (Fig. 12b). 

4. Conclusions 

In the present work, an electrochemical study was conducted to 
evaluate the recovery of antimony by means of electrodeposition from 
highly concentrated HCl solutions generated in the copper electro-
refining. Voltammetric curves allowed us to identify the current density 
and potential values at which the redox processes of Sb(III)/Sb, Sb(V)/ 
Sb(III), Cl2/Cl-, and HER occur. Even though the high concentration of 
acid in the electrolyte implies the occurrence of the HER, our results 
prove that Sb deposition improves at high HCl concentrations. Thus, it 
can be concluded that metallic Sb acts as a partial inhibitor of the HER. 
Cyclic voltammetry tests at various scan rates and at different rotation 
rates demonstrated that Sb deposition is a mass transfer-controlled 
process. The average diffusion coefficient of Sb estimated from the 
Randles- Ševčík and Levich equations was 5.29 ± 0.20 ⋅ 10− 6 cm2 s− 1. 

The Sb(III) deposition starts at − 0.4 VAg/AgCl, as observed in the 
voltammograms and corroborated in the electrodeposition tests by 
means of SEM and EDX. Sb was detected at the surface of the copper 
electrode after 30 min of electrodeposition at potentials more cathodic 
than − 0.4 VAg/AgCl, both under static and stirring conditions. In 
potentiostatic mode, the deposits obtained using the static cell at po-
tentials less cathodic than − 0.65 VAg/AgCl were very adherent to the 
electrode surface. At more cathodic potentials, the deposits were not so 
adherent and suffered erosion. The use of the RDE cell is a key factor in 
reducing mass transfer limitations, leading to a significant increase in 
current density and to a faster recovery of antimony. Similar conclusions 
can be extracted from the galvanostatic tests: the deposits obtained at 
the highest current densities (in absolute value) are less compact and 

Fig. 11. SEM images of the deposits obtained in potentiostatic mode on copper electrode during 30 min with 2 mM Sb and 6 M HCl using the RDE cell: a) 
− 0.40 VAg/AgCl; b) − 0.65 VAg/AgCl. 
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more fragile. In general, most of the deposits present dendritic growth 
and porous shape because the HER is more relevant as the values of 
applied potential and current density become more cathodic. 
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