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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Antimony is recovered from copper 
electrorefining effluents. 

• Metallic antimony is recovered in spite 
of the high hydrochloric acid 
concentration. 

• Reduction reactions involved in the 
system have been studied by 
voltammetry. 

• Electrodeposition of antimony near 100 
% is achieved in less than 2 h. 

• Improving the hydrodynamic conditions 
enhances the electrodeposition of 
antimony.  
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A B S T R A C T   

The limited availability of antimony has increased the need for exploiting alternative sources to its direct 
extraction from stibnite deposits. Furthermore, introducing recovery techniques in industries where antimony is 
released in wastewaters leads to more responsible production routes. In this work, electrodeposition is employed 
to recover the antimony present in a secondary waste effluent of the copper electrorefining that is highly 
concentrated in hydrochloric acid. The electrochemical characterization of the system was conducted by vol
tammetry to identify a range of suitable operating conditions for the potentiostatic and galvanostatic electro- 
recovery of antimony. In potentiostatic mode, the progress of the secondary electrode reactions of hydrogen 
and chlorine evolution at potentials more cathodic than − 0.38 V vs. Ag/AgCl causes the detachment and 
redissolution of the deposited antimony. Operating under galvanostatic control, similar effects were observed 
when the limiting current density is exceeded. Current efficiency and specific energy consumption values above 
50 % and below 65 kW⋅h⋅kg− 1, were achieved below the limiting current density (1.265 mA⋅cm− 2). The oper
ational range where electrodeposition of antimony is accelerated at increasing current densities can be broad
ened at intensified hydrodynamic conditions and higher concentrations of antimony. The detrimental effect of 
the hydrogen evolution reaction on the recovery of antimony decreases at high HCl concentrations.   
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1. Introduction 

In the last years, the scarcity of some raw materials, among them 
antimony, has been highlighted by different institutions as critical for 
some industries [1]. Thus, the recovery of such materials from secondary 
sources has gained attention. Particularly, antimony has several appli
cations in the production of flame retardants, as plastic catalyst, as ad
ditive in lubricants and in the manufacture of cable coverings [2,3]. The 
recovery of antimony from industrial and mine effluents can be seen as a 
specific milestone in the achievement of the Sustainable Development 
Goal number 12 of the United Nations (Responsible consumption and 
production). 

The copper production industry generates several waste effluents 
that contain valuable elements, among them, antimony, bismuth, iron, 
lead and arsenic [4,5]. Moreover, there is a gradual decrease in ore 
grades, which implies that the level of these impurities in industrial 
processes such as copper electrorefining is increasing [6]. Fig. 1 shows 
one of the final steps in the process of copper production where the 
sulfuric acid employed in the copper electrorefining is purified and 
recycled. As shown at the left side of Fig. 1, the sulfuric acid bath is 
passed through a column with ion exchange resins to separate some of 
the impurities that were dissolved from the copper anodes during the 
electrorefining process [6,7]. The resins employed have a strong ex
change capacity for multivalent species such as those containing anti
mony (III) [8]. When the resins become exhausted, they are regenerated 
by washing with highly concentrated hydrochloric acid. The result of 
this regeneration is a hydrochloric acid solution with antimony and 
bismuth, mainly [6]. A further improvement in the copper electro
refining process would be the recovery of Sb present in the regenerating 
solutions; what would favor the successive reuse of HCl in a closed loop 
and increase the circularity of the copper industry. 

Among the available techniques that could be used to separate Sb 
from waste effluents, electrochemical deposition stands out on account 
of its high selectivity. This technique enables the individual recovery of 
a specific element present in a mixture based on the different reduction 
potentials of each metal. Taking into account that the solution obtained 
from the regeneration of the ion exchange resins contains a higher 
amount of Sb [7], in this work, the recovery of Sb from highly 

concentrated hydrochloric acid solutions is investigated (right side of 
Fig. 1). 

Several works have focused on recovering metals by means of elec
trochemical deposition in order to recycle the acidic solution that con
tains them [9–11]. In the last years, this technique has been employed in 
the recovery of metals from secondary sources, among them electronic 
waste [12,13] and wastewater [14,15]. In previous studies, leaching and 
electrodeposition have been employed as complementary techniques to 
separate antimony from substrates that contain other metals [16–18]. 
Most of the works published on the recovery of Sb by means of elec
trodeposition report significant variations in the efficiency achieved as a 
function of the applied current density. Awe et al. obtained a current 
efficiency of 90 % applying a current density of 15 mA⋅cm− 2 in an 
effluent containing antimony sulfide, sodium sulfide and sodium hy
droxide [19]. In addition, they observed that the current efficiency 
diminished with the increase in current density. Under optimal condi
tions, they could recover 74 % of the Sb present in the effluent. Koparal 
et al. reported a maximum current efficiency of 90 % applying a current 
density of 5 mA⋅cm− 2 in an effluent with antimony in sulfuric acid [20]. 
Moreover, they observed that the current efficiency reached a maximum 
value at the beginning of the experiment, and it decreased as the Sb 
became depleted in the solution. With these conditions, they could 
recover 99.4 % of the Sb present in the effluent. The previous referred 
studies [19,20], where the electrodeposition of antimony is investi
gated, are concerned with the determination of the best process oper
ating conditions. However, despite showcasing promising outcomes, 
most of the results obtained so far are usually not accompanied by a 
phenomenological interpretation that could shed light on the key factors 
determining the best conditions for electrodeposition processes. 

The aim of this study is the recovery of antimony present in the 
highly concentrated hydrochloric acid solutions resulting from the 
regeneration of ion exchange resins (Fig. 1). The electrochemical char
acterization of the solution has been carried out employing voltam
metric measurements, from which the electrode reactions taking place 
in the system and their related potentials were identified. Moreover, the 
role of forced convection and the concentration of Sb(III) and HCl on the 
rate and efficiency of Sb electrodeposition were further investigated. 
Based on the conditions achieved in the voltammetric study, the 
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Fig. 1. Steps involved in the recovery of the acidic electrolyte employed in the copper electrorefining, including the recovery of Sb from the regenerating solutions by 
electrodeposition. 
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cathodic electrodeposition of antimony was investigated under poten
tiostatic and galvanostatic conditions. 

2. Experimental 

2.1. Solutions 

The solutions employed in this study emulate the composition in 
antimony of the spent electrolytes obtained after several steps of 
regeneration of ion exchange resins [6]. The range of characteristic 
concentrations of such solutions are: 2–4.5 mM Sb(III) and 1.5–6 M HCl. 
Note that at this concentration of HCl, antimony is in the solubility range 
(Fig. S 4, Appendix A). All solutions were prepared using analytical 
grade reagents, Sb2O3 (99 %, Sigma-Aldrich) and HCl (37 %, Panreac), 
and distilled water (Type 2 water quality according to ASTM D1193-06 
standard) with a maximum conductivity of 0.001 mS⋅cm− 1. 

2.2. Electrochemical study 

Before conducting the electrodeposition experiments, a voltam
metric study was carried out to investigate the electrochemical behavior 
of the system. Cyclic voltammograms and cathodic polarization curves 
were obtained under varying hydrodynamic conditions. 

Cyclic voltammetric tests were conducted employing a conventional 
three-electrode cell with a rotating disk electrode (RDE). A platinum disc 
enclosed in Teflon with an effective area of 0.071 cm2 was employed as 
working electrode; the reference electrode was a standard Ag/AgCl (3 M 
KCl) electrode, and the counter electrode was a platinum ring with an 
area of 1 cm2. The tests were performed from the open circuit potential 
(OCP) towards negative potentials at a scan rate of 10 mV⋅s− 1. Various 
rotation rates of the RDE (500–3500 rpm) were tested and several cycles 
were executed to stabilize the electrode and to obtain reproducible 
results. 

Cathodic polarization curves were obtained using the electrolysis 
reactor to be employed in the subsequent electrodeposition experiments 
(Fig. S 1, Appendix A). It was an undivided reactor composed of a Pyrex 
glass of 250 mL with three electrodes. The cathode was a copper plate 
with 40 cm2 of exposed plating area. A dimensionally stable anode 
(DSA) electrode composed of a sheet of titanium coated with a mixed 
metal oxide (RuO2/IrO2: 0.70/0.30) with an area of 40 cm2 acted as the 
anode and a standard Ag/AgCl (3 M KCl) electrode was used as the 
reference electrode. A magnetic stirrer with controlled stirring rate 
(500–950 rpm) was employed during the experiments to adjust the 
convective regime in the cell. All cathodic polarization curves were 
obtained between OCP and potentials at which the hydrogen evolution 
reaction (HER) predominates, at a scan rate of 10 mV⋅s− 1. 

2.3. Electrolysis experiments 

The electrolysis experiments were carried out under potentiostatic 
and galvanostatic operation modes in the stirred batch reactor described 
above. Tests in potentiostatic operation were carried out at different 
electrode potentials, between − 0.34 and − 0.65 V vs. Ag/AgCl, which 
were selected from the polarization curves. The applied currents in 
galvanostatic operation tests were also selected from the polarization 
curves. All the experiments were carried out at room temperature using 
a potentiostat/galvanostat (Autolab PGSTAT 302 N) and NOVA 
software. 

Electrolysis experiments in a two-compartment reactor were 
executed to evaluate the different reactions taking place in the process. 
The divided reactor (Fig. S 2, Appendix A) consists of two compartments 
of 250 mL separated by a cation exchange membrane (Nafion 117, 
Dupont). The cathodic compartment contains the solution under study 
and the anodic one contains a solution of 3 M H2SO4 (prepared using 
analytical grade H2SO4 96 %, Panreac). The concentration of H2SO4 was 
selected to avoid a significant difference in the osmotic pressure 

between both compartments. 
The duration of the electrodeposition tests was 2 h, and samples were 

taken from the reactor every 10 min. The cathode potential, current, and 
cell voltage were recorded during the experiments. The concentration of 
antimony in the samples was measured by atomic absorption spectros
copy using an atomic absorption spectrometer (Perkin-Elmer model 
Analyst 100), an antimony hollow cathode lamp at 217.6 nm wave
length, 0.2 nm spectral bandwidth, and a current of 15 mA. 

To determine the most favorable conditions for the electrolysis of Sb, 
the current efficiency (φ) and specific energy consumption (Es) were 
analyzed. These parameters are calculated with the following equations 
[21]: 

ϕ(t) =
n⋅F⋅V⋅(C(0) − C(t) )

∫ t
0 I(t)dt

⋅100 (%) (1)  

Es(t) =
∫ t

0 U(t)⋅I(t)dt
M⋅V⋅(C(0) − C(t) )⋅3600

(
kW⋅h⋅kg− 1) (2)  

where C(0) and C(t) are the concentration of antimony in the solution 
(mol⋅L− 1) at the beginning of the tests and at a specific time, respec
tively; n is the number of electrons exchanged in the metal deposition, in 
our case n = 3; F corresponds to the Faraday constant (96,485.33 
C⋅mol− 1); V is the reactor volume (L); I(t) is the function of applied 
current with time (A); M corresponds to the Sb atomic weight (121.76 
g⋅mol− 1); and U(t) is the cell voltage as a function of time (V). 

3. Results and discussion 

3.1. Electrochemical characterization of the system 

The electrodeposition of Sb(III) in the form of metallic Sb in highly 
concentrated HCl solutions occurs according to the following reaction 
[22] because the predominant specie in 6 M HCl solutions, is SbCl63−

(Fig. S 3, Appendix A): 

SbCl3−
6 + 3e− →Sb+ 6Cl− (3) 

However, in 1.5 M HCl solutions the most concentrated specie is the 
pentachloride complex, SbCl52− , (Fig. S 3, Appendix A); so the electro
deposition of Sb(III) in 1.5 M HCl solutions takes place in agreement 
with the following reaction: 

SbCl2−
5 + 3e− →Sb+ 5Cl− (4) 

Before conducting the electrodeposition experiments, it is insightful 
to investigate the process by means of voltammetry. To this aim, the 
electrochemical behavior of the Sb(III)/Sb system in hydrochloric acid 
solutions was investigated analyzing the effect of the HCl concentration 
(Fig. 2a), the Sb concentration (Fig. 2b) and the RDE rotation rate 
(Fig. 2c) on the voltammograms. 

If the voltammograms of Fig. 2a in the forward scan direction are 
analyzed, one reduction wave can be observed at − 0.25 V vs. Ag/AgCl 
for the 1.5 M HCl solution, and the analogous wave appears at − 0.40 V 
vs. Ag/AgCl for 6 M HCl solutions. The reduction wave is attributed to 
the electrodeposition of antimony, and it has been detected by other 
authors in the same range of potentials [23,24]. The HER occurs at 
potentials more cathodic than the reduction wave, as denoted by the 
sharp increase in cathodic current (at − 0.30 V vs. Ag/AgCl for 1.5 M HCl 
and − 0.50 V vs. Ag/AgCl for 6 M HCl). In the reversed scan, the peak 
related to the oxidation of metallic Sb to Sb(III) is located at − 0.06 V vs. 
Ag/AgCl for 1.5 M HCl, and at − 0.20 V vs. Ag/AgCl for 6 M HCl. Finally, 
at the anodic edge of the scans, the chlorine evolution reaction starts at 
+1.10 V vs. Ag/AgCl for 1.5 M HCl, and at +0.98 V vs. Ag/AgCl for 6 M 
HCl. Regarding the effect of HCl concentration on the Sb electrodepo
sition, some conclusions can be obtained from the voltammograms. The 
reduction potential of Sb(III) is displaced to more cathodic values with 
the increase of the hydrochloric acid concentration. This fact was also 
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observed by other authors [25] and agrees with the Pourbaix diagrams 
(Fig. S 3, Appendix A) that show more cathodic potentials for the anti
mony reduction in the system with a higher HCl concentration. In 
addition, the current density of the reduction wave rises with increasing 
the hydrochloric acid concentration. It can be also observed that the 
corresponding oxidation peak presents a bigger area for 6 M HCl as 
compared to 1.5 M HCl, revealing that more Sb was electrodeposited 

during the forward scan (and was liable to be oxidized in the reverse 
scan). This result indicates that the increase of the hydrochloric acid 
concentration improves the antimony deposition. 

The effect of increasing the Sb concentration on the shape of the 
voltammogram can be observed in Fig. 2b. The potential of the reduc
tion of Sb(III) to metallic Sb remains constant upon an increase in the Sb 
concentration, while the current density associated with this peak 

Fig. 2. Cyclic voltammograms obtained at a scan rate of 10 mV⋅s− 1. a) [Sb] = 2 mM, [HCl] = 1.5–6 M. b) [Sb] = 2–4.5 mM, [HCl] = 6 M. c) Linear voltammetric 
curves obtained at various RDE rotation rates. [Sb] = 4.5 mM, [HCl] = 6 M, scan rate: 10 mV⋅s− 1. 

Fig. 3. a) Linear voltammetries registered at various stirring rates. [Sb] = 2 mM, [HCl] = 6 M; b) Linear voltammetries registered at 500 rpm. [Sb] = 2–4.5 mM, 
[HCl] = 6 M. 
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increases notably for higher Sb concentrations. 
The effect of varying the RDE rotation rate on the reduction of 

antimony is shown in the linear voltammograms of Fig. 2c. As can be 
seen in all curves, a diffusion plateau appears between − 0.34 and − 0.50 
V vs. Ag/AgCl approximately, which corresponds to the limiting current 
density (iL) and confirms that the reduction of Sb is controlled by mass 
transfer. 

Since mass transfer plays a relevant role in the antimony electrode
position, the effect of agitation on the linear sweep voltammograms was 
studied in the same stirred cell and using the Cu electrode with which 
the subsequent electrolysis experiments were going to be carried out 
(Fig. 3a). In this set of voltammograms, the influence of Sb concentration 
on the Sb electrodeposition was also studied (Fig. 3b). 

As seen in Fig. 3a, the increase in current density associated with the 
deposition of Sb appears at electrode potentials close to − 0.30 V vs. Ag/ 
AgCl. After the sharp increase of the current density, a plateau is 
observed at potentials more cathodic than − 0.35 V vs. Ag/AgCl. The fact 
that the iL values increase with the stirring rate confirms that a higher 
convective flow improves the delivery of electroactive Sb(III) species 
from the bulk solution to the electrode surface. Note that the investi
gated rotation rates correspond to a laminar flow regime, so that this 
effect can be principally attributed to a thinning of the Diffusion 
Boundary Layer. At the cathodic end of the plateau region, the current 
density declines sharply again, which marks the activation of the HER. 
The convective flow also boosts the HER process, that is, the HER starts 
at less cathodic potentials when the stirring rate is increased. 

Increasing the Sb concentration (Fig. 3b) has a similar effect on the iL 
values to that observed when the stirring rate was increased. As ex
pected, larger concentration gradients between the bulk and the elec
trode surface increase the driving force for the diffusive transport of Sb 
(III) towards the electrode, and this results in an enhanced electrode
position process. 

3.2. Potentiostatic electrolysis 

The evolution of the relative concentration of antimony (C(t)/C(0)) 
during the electrodeposition tests conducted at constant applied po
tentials for the reference concentration of 2 mM Sb and 6 M HCl and a 
stirring rate of 500 rpm is shown in Fig. 4. The applied potentials have 
been selected based on the extension of the plateau registered in the 
voltammogram of Fig. 3 (curve represented in black in both panels). At 
− 0.34 V vs. Ag/AgCl, where the electrolysis is carried out below the 
limiting current density, according to the plateau observed in Fig. 3, the 

relative concentration of Sb decays almost linearly with time, reaching 
an Sb recovery rate of about 60 % at the end of the electrolysis. At − 0.38 
V vs. Ag/AgCl, which corresponds to the beginning of the plateau (see 
Fig. 3), the reactor operates at approximately the limiting current den
sity. Under these conditions, the relative Sb concentration decreases 
exponentially with time, which is typical of a mass transfer-controlled 
process [29]. In this case, the almost complete recovery of Sb is ach
ieved at the end of the electrolysis time. At the more cathodic potentials 
of − 0.50 and − 0.65 V vs. Ag/AgCl, the reactor operates at (or even 
above) the limiting current density, but as can be seen in Fig. 4, unlike 
what might be expected, there is a worsening in the behavior of the 
system: as the electrode potential becomes more cathodic, the Sb re
covery decreases. 

This anomalous behavior can be explained on the basis of two 
different phenomena that undergo in the system, apart from the Sb 
electrodeposition. The first of such phenomena takes place at the cath
ode: the generation of hydrogen starts at an electrode potential of − 0.50 
V vs. Ag/AgCl, while at − 0.65 V vs. Ag/AgCl this reaction takes place 
vigorously, as can be seen in Fig. 3. The HER competes with the elec
trodeposition of Sb, and the hydrogen formed causes the detachment of 
the deposited Sb from the electrode into the solution. This behavior is 
contrary to that observed by other authors, that reported a favored 
electrodeposition of metals as a consequence of an enhanced mass 
transfer in the vicinity of the electrode caused by the evolution of gas 
bubbles [27,30]. Additionally, another reaction taking place on the 
anode may influence the rate of antimony recovery: the oxidation of 
chloride ions into chlorine according to: 

2Cl− →Cl2(g)+ 2e− (5) 

Once formed, part of the generated chlorine gas dissolves in water: 

Cl2(g)⇌Cl2(aq) (6)  

and subsequently, the strongly oxidizing chlorine can dissolve the de
posits of antimony that were previously detached from the electrode 
surface, according to the spontaneous reaction: 

2Sb+ 3Cl2(aq)→2Sb3+ + 6Cl− (7) 

The same effect of the dissolution of a deposited metal by the chlo
rine formed at the anode has been observed by other authors that 
investigated the electrodeposition of zinc present in hydrochloric acid 
solutions [31,32]. According to the cyclic voltammograms presented in 
Fig. 2, while the rate of electrodeposition of Sb is limited by the plateau 
at iL, the rates of hydrogen and chlorine generation at the cathode and 
anode increase without limit at increasing cathodic and anodic poten
tials, respectively. These reactions are responsible for the corresponding 
increase in current observed at both ends of the cyclic voltammograms 
[33]. 

The varying Sb electrodeposition rates obtained as a function of the 
applied potential can be further explained by analyzing the evolution of 
current and current efficiency during the experiments (Figs. S 5 and S 6, 
Appendix A). Fig. S 5 (Appendix A) shows the evolution of the current 
with time for the different electrode potentials. For electrode potentials 
of − 0.34 and − 0.38 V vs. Ag/AgCl the current initially increases with 
time, reaches a maximum value at about 80 min of electrolysis and then 
decreases. The initial increase of current can be explained by the 
nucleation and growth of the Sb deposit on the copper electrode, what 
causes an increase in the surface roughness, with the consequent in
crease in the surface area, and thus, in total current [30,34]. For longer 
times, the depletion of Sb(III) from the solution involves a decrease in 
current, since at these potentials, the HER practically does not occur. 
This evolution results in initial current efficiency values of 100 % at 
electrode potentials of − 0.34 and − 0.38 V vs. Ag/AgCl, as can be seen in 
Fig. S 6 (Appendix A), where the evolution of the current efficiency with 
time is represented for all electrode potentials. 

On the contrary, at the more cathodic potentials of − 0.50 and − 0.65 Fig. 4. Evolution of the relative concentration of antimony at different elec
trode potentials. [Sb] = 2 mM, [HCl] = 6 M, 500 rpm. 
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V vs. Ag/AgCl, the current increases continuously with time (Fig. S 5, 
Appendix A). At these potentials, HER takes place from the beginning of 
the electrolysis, and its contribution to the measured current increases as 
the concentration of dissolved Sb decreases. Consequently, the higher 
the current, the higher the hydrogen production at the cathode. In 
addition to the generation of H2, in view of the high HCl concentrations 
studied in the present work, the chlorine production at the anode is not 
limited by mass transfer. As a result, the current efficiency decreases 
with time, as seen in Fig. S 6 (Appendix A). It is noteworthy that after 50 
min of electrolysis at a potential of − 0.65 V vs. Ag/AgCl, the rate of 
detachment of Sb by the hydrogen formed and its dissolution by chlorine 
almost equals the rate of electrodeposition, so that the concentration of 
Sb(III) remains practically constant until the end of the experiment 
(Fig. 4). 

In addition to the experiments carried out, the surface morphology 
and the composition of the deposits at − 0.38 V vs. Ag/AgCl was 
analyzed using a scanning electron microscope (SEM, ZEISS Ultra 55) 
and the energy dispersive X-ray analyzer attached to the SEM. A den
dritic deposit is observed in the SEM image (Fig. S 7a, Appendix A), and 
the spectrum obtained confirms the presence of Sb in the deposit (Fig. S 
7b, Appendix A). 

3.3. Galvanostatic operation 

In order to further investigate the mechanism of Sb electrodeposition 
in HCl solutions, electrolysis tests were performed in galvanostatic mode 
at various current densities, which were selected from the linear vol
tammograms shown in Fig. 3. The experiments were carried out at 
various stirring rates and initial Sb and HCl concentrations, as indicated 
below in Table 1 and presented in the following subsections. 

Fig. 5 shows the evolution of the relative concentration of antimony 
with time for the reference concentrations of 2 mM Sb(III) and 6 M HCl 
and a stirring rate of 500 rpm. The applied current densities range be
tween 0.125 and 2.500 mA⋅cm− 2, thus including values below and 
above the iL observed in the linear voltammograms of Fig. 3. In a mass 
transfer-controlled process, the theoretical limiting current density 
corresponding to the initial electrolyte concentration is given by the 
following expression (Eq. (8)): 

iL(0) = n⋅F⋅km⋅C(0) (8)  

where km is the mass transfer coefficient, m⋅s− 1. 
As can be seen in Fig. 5, the electrodeposition rate of antimony in

creases with the applied current density in the range below 1.250 
mA⋅cm− 2 (Fig. 5a), while it decreases in the range above 1.250 mA⋅cm− 2 

(Fig. 5b). This behavior, opposed to that observed in other works on the 
electrodeposition of metals in galvanostatic mode [20,33,35], can be 
related to the two phenomena mentioned previously. When working at 
applied current densities lower than the initial limiting current density, 

iL(0), the delivery of Sb from the bulk solution to the electrode surface is 
not limited by diffusion, and HER does not occur significantly. 
Regarding the rate of chlorine generation at the anode, this is propor
tional to the low values of applied current density. Consequently, within 
the range of currents below iL, the redissolution of Sb should be minimal, 
and the rate of antimony electrodeposition increases with current. This 
trend remains until the antimony concentration falls below a value 
where the electrodeposition process starts to be limited by mass transfer. 
At higher current densities, the mass transfer limitation is reached 
earlier and the generation of hydrogen at the cathode and chlorine at the 
anode become more relevant for the process. Considering the results 
obtained, for applied current densities higher than 1.250 mA⋅cm− 2 

(Fig. 5b), the HER rate and the concentration of chlorine may increase 
with time, eventually causing the partial detachment and redissolution 
of the deposited Sb. In other words, for applied current densities above 
the initial limiting current density iL(0), the antimony deposit detaches 
due to the generation of hydrogen and can be dissolved due to the action 
of chlorine (Fig. 5b). 

Regarding the trends observed in Fig. 5a, during the first stages of the 
electrolysis, the relative concentration of antimony decreases linearly 
with time. This linear decrease can be described by a pseudo zero-order 
kinetics according to Eq. (9) [35,36]: 

C(t)
C(0)

= 1 −
i⋅ae

n⋅F⋅C(0)
t = 1 −

k0

C(0)
⋅t = 1 − k

′

0⋅t (9)  

where ae is the electrode specific surface area, defined as the quotient 
between the electrode area and the reactor volume (ae = A/V), k0 
(mol⋅L− 1⋅min− 1) is the zero-order rate constant for a galvanostatic 
process, and k0

′ (min− 1) is the apparent pseudo zero-order rate constant. 
In Fig. 5a, the decay of C(t)/C(0) remains linear until mass transfer 

starts to limit the process and the evolution turns into an exponential 
decay at the later stages of the electrolysis. Since the limiting current 
density depends on the electrolyte concentration according to Eq. (8), 
the decrease of Sb(III) concentration in the bulk solution involves a 
decrease in the actual limiting current density with time, iL(t). Eventu
ally, at a specific critical time tc, the value of iL(tc) may reach the same 
value as the applied current density. From Eq. (8), the concentration of 
Sb at this moment can be estimated as follows: 

C(tc) =
i

n⋅F⋅km
(10) 

While the critical time is given by: 

tc =
n⋅F⋅km⋅C(0) − i

i⋅km⋅ae
(11) 

Thus, for low values of current density and at times shorter than tc, 
that is, as long as the applied current density is lower than the actual 
limiting current density, the trend in C(t)/C(0) is linear. However, after 

Table 1 
Values of the kinetic coefficients and the critical time calculated for the different conditions tested in the electrolytic experiments.  

[Sb] 
(mM) 

[HCl] 
(M) 

Stirring rate 
(rpm) 

i 
(mA⋅cm− 2) 

k0
′

(min− 1) 
tc 
(min) 

k1 

(min− 1) 
C (tc) 
(mM) 

R2  

2  6  500  0.125  0.0084  85  0.023  0.080  0.986  
0.625  0.0102  78  0.053  0.328  0.956  
1.250  0.0124  66  0.042  0.832  0.956  
1.875  0.0089     0.985  
2.500  0.0053     0.988  

700  2.500  0.0071     0.975  
950  2.500  0.0107  64  0.024  0.514  0.866  

3.000  0.0140  50  0.010  0.519  0.945  
3.500  0.0089  102  0.096  0.272  0.892  

4.5  6  500  1.250  0.0111  55  0.024  0.760  0.921  
1.875  0.0097  64  0.016  0.760  0.783  
2.500  0.0090  81  0.013  0.586  0.997  

2  1.5  500  0.125  0.0064     0.980  
0.625  0.0048     0.882  
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the critical time, mass transfer becomes the limiting step of the elec
trodeposition process and C(t)/C(0) starts to decrease exponentially 
with time according to: 

C(t)
C(0)

=
C(tc)

C(0)
⋅exp( − km⋅ae⋅(t − tc) ) =

C(tc)

C(0)
⋅exp( − k1⋅(t − tc) ) (12) 

Eq. (12) describes a pseudo-first order kinetics corresponding to a 
mass transfer-limited reaction with a kinetic coefficient, k1 = km ⋅ ae. 

As can be seen in Fig. 5a, Eq. (9) fits well the experimental data when 
the applied current density is lower than the iL(0), while at the latter 
stages of electrolysis, the evolution of C(t)/C(0) fits well to Eq. (12). 

From the non-linear fit of the experimental data to Eqs. (9)–(12) it is 
possible to determine the values of k0

′, k1, tc and C(tc), which are pre
sented in Table 1. Fig. S 8 (Appendix A) shows the variation of k0

′ and k1 
with the applied current density for the experiments conducted at i <
iL(0). k0

′ increases linearly with the applied current density. This trend 
has also been observed in electrochemical processes operated in galva
nostatic mode which are not limited by mass transfer [37–40]. With 
respect to k1, it reaches a maximum value at the current density of 0.625 
mA⋅cm− 2 and then decreases with the current density. This behavior is 
in contrast with other studies on electrochemical processes that follow a 
pseudo-first order kinetics, where a continued increase of k1 with cur
rent density was observed [38,41,42]. The effect of the hydrogen and 
the chlorine generated on the electrodeposition of antimony may 
explain this unusual trend, because at 1.250 mA⋅cm− 2, the mass 
transfer-controlled regime is reached earlier than at 0.625 mA⋅cm− 2, so 
the HER and the chlorine generation gain more relevance. Regarding the 
critical time, tc, it decreases with current density. As expected, the 
concentration of dissolved Sb in the solution decreases faster at higher 
current densities, and the process becomes limited by mass transfer 
earlier. The critical concentration depends on the operating conditions, 
such as the stirring rate, applied current density and solution charac
teristics. For tests with 2 mM Sb and 6 M HCl solution at 500 rpm, the 
critical concentration increases with the applied current density, as can 
be predicted by Eq. (10) considering the same mass transfer coefficient. 

For applied current densities higher than the initial limiting current 
density (i > iL(0)), an exponential decrease of the relative Sb(III) con
centration would be expected. However, as can be seen in Fig. 5b for 
1.875 and 2.500 mA⋅cm− 2, the relative concentration of Sb decreases 
linearly with time. In this case, the value of k0

′ (cf. Table 1) decreases 
with the applied current density as a consequence of the intensified 
phenomenon of Sb detachment and redissolution discussed above. 

According to the results obtained for a stirring rate of 500 rpm and 
the reference concentrations of 2 mM Sb and 6 M HCl, the expected 
increase of the Sb recovery rate with current density is limited by the 
transport of Sb(III) towards the electrode surface. Under a limited supply 

of Sb to the cathode, the generation of hydrogen becomes more 
important, and the chlorine generated at the anode may cause the 
dissolution of detached deposits of Sb. Therefore, an acceleration of the 
Sb recovery process could be achieved by increasing the range of 
working current densities below iL(0); in other words, by increasing 
iL(0). According to Eq. (8), this can be achieved by increasing the mass 
transfer coefficient via improving the hydrodynamic conditions or by 
increasing the initial concentration of Sb(III). In the following sections, 
the effect of agitation and Sb(III) concentration on the electrodeposition 
of Sb at high values of current density is studied. 

3.3.1. Effect of stirring on the electrodeposition 
As discussed previously and already presented in the voltammo

grams of Fig. 3a, increasing the stirring rate has a positive effect on the 
limiting current density. This fact can also be deduced from Eq. (8): 
improving the convective regime in the reactor implies larger mass 
transfer coefficients and contributes to increase the limiting current 
density. To confirm that an intensified convection also improves the 
electrodeposition process, galvanostatic experiments at a high current 
density and various levels of stirring rate were conducted. Fig. 6 shows 
the effect of the stirring rate on the evolution of the relative Sb con
centration for an applied current density of 2.500 mA⋅cm− 2. With a 
stirring rate of 500 rpm, this value of current density was high enough to 
decelerate the electrodeposition of Sb on account of the vigorous HER, 

Fig. 5. Evolution of the relative concentration of antimony at different applied current densities. [Sb] = 2 mM, [HCl] = 6 M, 500 rpm. a) 0.125, 0.250, 0.625 and 
1.250 mA⋅cm− 2. b) 1.250, 1.875 and 2.500 mA⋅cm− 2. 

Fig. 6. Evolution of the relative concentration of antimony at 2.500 mA⋅cm− 2 

and at different stirring rates. [Sb] = 2 mM, [HCl] = 6 M. 
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as already shown in Fig. 5b. However, the results achieved at 700 and 
950 rpm confirm that improving the mass transfer in the reactor has a 
positive effect on the recovery of antimony. This can be mainly attrib
uted to a decrease in the thickness of the Diffusion Boundary Layer, but 
probably also to the fact that an increased stirring favors the removal of 
hydrogen bubbles from the electrode surface. 

Despite operating in the regime of currents higher than the limiting 
value (i > iL(0)), the limiting current density increases with the stirring 
rate, as seen in Fig. 3a. Consequently, for the same value of applied 
current density, the i/iL(0) ratio decreases at intensified convective re
gimes. This improves the contribution of the Sb electrodeposition to the 
total cathodic current, while that of the HER can be minimized. As a 
result, the detachment of Sb deposits by HER is attenuated at higher 
stirring rates. 

Regarding the evolution of the relative Sb concentration with time, 
the decrease in C(t)/C(0) changes from linear for the stirring rates of 500 
and 700 rpm, to a mixed zero and first order kinetics for the highest 
stirring rate of 950 rpm. In the electrodeposition conducted at 950 rpm, 
the concentration of Sb has a linear evolution until the critical time is 
reached, and then the evolution becomes exponential. The kinetic co
efficient k0

′ increases linearly with the stirring rate, as reported in 
Table 1 and shown in Fig. S 9, Appendix A. 

Fig. 7 shows the effect of the applied current density on the evolution 
of the relative Sb concentration for the highest stirring rate of 950 rpm. 
The results are similar to the ones obtained at 500 rpm with lower values 
of current density (Fig. 5). In these experiments, when the current 
density increases from 2.5 to 3.0 mA⋅cm− 2, the concentration decays 
faster, reaching the complete depletion of antimony in the solution. 
However, if the current density is further increased to 3.5 mA⋅cm− 2, the 
deposition of antimony becomes decelerated again. Although occurring 
at a higher level of current densities with a stirring rate of 950 rpm, the 
HER also turns to be the dominating cathodic process when the amount 
of supplied Sb(III) from the bulk is not sufficient to react with all the 
electrons released at the electrode surface. As commented previously, 
the vigorous generation of hydrogen bubbles induces the detachment of 
the deposited Sb. 

3.3.2. Effect of Sb concentration on the electrodeposition 
The step of ion-exchange resin regeneration shown in Fig. 1 can lead 

to variable concentrations of Sb in the problem solutions. According to 
Eq. (8), and as already proven in Fig. 3b, an increase in the concentration 
of dissolved Sb in the solutions would result in larger values of iL, thus 
broadening the range of currents that could be applied without mass 

transfer limitations. 
Fig. 8 shows the combined effect of stirring rate and Sb concentration 

on the electrodeposition process for an applied current density of 2.5 
mA⋅cm− 2. Taking the system operated at 500 rpm and the concentra
tions of 2 mM Sb and 6 M HCl as a reference, it can be confirmed that, 
increasing the concentration of Sb (at a level of 4.5 mM) has a similar 
positive effect on the Sb recovery as intensifying the convective regime 
in the reactor (at a level of 950 rpm). Additional tests were performed at 
the highest level of Sb concentration of 4.5 mM and various current 
densities. The results obtained with the three applied current densities 
are very similar (Fig. S 10, Appendix A), which proves that the increased 
contribution of HER at increasing current densities takes place more 
gradually for higher Sb(III) concentrations. 

3.3.3. Effect of HCl concentration on the electrodeposition 
The variability in the solution composition can also stem from the 

choice of HCl concentration used for the regeneration of the ion- 
exchange beds. In addition to the concentration of 6 M HCl typically 
used in the process, 1.5 M HCl solutions were studied, since this is the 
lowest HCl concentration needed to dissolve the Sb(III) present in the 
resins [7]. In the cyclic voltammograms shown in Fig. 2a, it can be 
observed that the oxidation peak (corresponding to the reaction Sb to Sb 
(III)) is bigger with 6 M HCl solutions, corroborating that more Sb(III) 
was reduced during the forward scan. In addition to this, the onset of the 
HER is shifted to more cathodic potentials at high HCl concentrations. 
Therefore, it is also interesting to evaluate which is the effect of the HCl 
concentration on the Sb electrodeposition process, when this is con
ducted in galvanostatic experiments of longer duration. 

Fig. 9 shows the evolution of antimony concentration for two levels 
of current density and HCl concentration. Firstly, it can be seen that for a 
given current density, the concentration of Sb decreases faster with the 
highest HCl concentration. Regarding the level of current density, it can 
be observed that with 1.5 M HCl solutions, an increase in current density 
from 0.125 to 0.625 mA⋅cm− 2 results in lower Sb deposition rates. In 
contrast, for 6 M HCl solutions, the same increase in current density 
accelerates the electrodeposition process, as expected for the range of 
currents below iL(0). These results verify that higher HCl concentrations 
enhance the Sb deposition and confirm a good agreement with the cyclic 
voltammetric curves shown in Fig. 2a. 

3.3.4. Effect of Cl2 formation on the electrodeposition 
The effect of Cl2 formation on the electrodeposition of antimony has 

Fig. 7. Evolution of the relative concentration of antimony at different applied 
current densities. [Sb] = 2 mM, [HCl] = 6 M, 950 rpm. 

Fig. 8. Evolution of the relative concentration of antimony at 2.5 mA⋅cm− 2 and 
at different stirring rates. [Sb] = 2 and 4.5 mM, [HCl] = 6 M. 
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been checked by carrying out various tests in galvanostatic mode using a 
two-compartment reactor where a cation exchange membrane separates 
the catholyte and the anolyte. In these experiments, the anolyte was a 3 
M H2SO4 solution. With this configuration, the chlorine gas evolution 
happening at the anode is avoided. In Fig. 10, the conversions of Sb, XSb 
(Eq. (13)), using both reactors at various applied current densities are 
compared. At the applied current density of 0.125 mA⋅cm− 2, the best 
results are obtained with the undivided reactor; this can be explained by 
the fact that, at low current densities the Cl2 formation is minimal. At 
1.250 mA⋅cm− 2, the total conversion of Sb reached at the end of the 
experiments is similar using both setups, which also confirms that 
chlorine gas evolution in the undivided reactor has not affected the 
amount of antimony deposited. However, at 2.500 mA⋅cm− 2, the per
centage of antimony deposited is higher with the two-compartment 
reactor. This fact demonstrates that chlorine gas evolution affects the 
antimony deposition with the undivided reactor. However, it can be 
concluded that the effect of chlorine gas evolution on the antimony 
deposition is relevant only at the highest applied current densities. 

XSb(t) =
C(0) − C(t)

C(0)
(13)  

3.3.5. Analysis of the current efficiency and the specific energy 
consumption 

The results presented in previous sections evidence that enhancing 
the transfer of Sb(III) from the bulk solution towards the electrode is 
crucial to obtain high Sb recovery rates with shorter times. However, to 
evaluate if this improvement in the electrodeposition rates at high cur
rent densities also involves a more efficient process, it is necessary to 
evaluate additional indicators. Figs. 11 and 12 show the evolution of 
current efficiency and specific energy consumption of the galvanostatic 
electrolysis for the two extreme values of stirring rate: 500 and 950 rpm. 
Regarding the current efficiency, a decrease of this parameter with the 
applied current density is observed for the two stirring rates. The same 
behavior was observed by other authors [19]. This trend can be 
explained by the larger contribution of the HER to the imposed current, 
when this is increased and the dissolved Sb reacts faster than it is sup
plied to the electrode. For the values of current density that are applied 
at both stirring rates (1.250, 1.875 and 2.500 mA⋅cm− 2), the current 
efficiency is higher at 950 rpm. This phenomenon is directly related to 
the increase in the values of iL(0) as the stirring rate increases. For 950 
rpm, the system is operated at lower i/iL(0) ratios and the HER gains in 
predominance only at the latter stages of the electrolysis as a conse
quence of the decrease in Sb concentration. 

With respect to the specific energy consumption (Fig. 12), in general, 
this parameter increases with the current density as a consequence of the 
increased cell voltage and decreased current efficiency. For the values of 
current density that are applied at both stirring rates (1.250, 1.875 and 
2.500 mA⋅cm− 2), the energy consumption is lower at the highest stirring 
rate, which confirms that an intensified convective regime improves 
mass transfer and reduces the level of the HER. Furthermore, by 
comparing Fig. 12a and b, it can be seen that the minimum energy 
consumption at 500 rpm is achieved for the lowest current density of 
0.125 mA⋅cm− 2. Curiously, a similar value in specific energy con
sumption can be obtained with the highest stirring rate of 950 rpm at a 
significantly higher current density of 3 mA⋅cm− 2. Here, it is important 
to note that the Sb recovery rate is higher at 950 rpm and 3 mA⋅cm− 2, as 
can be concluded from the evolution of C(t)/C(0) in both cases (compare 
Figs. 3 and 7), and also from the comparison of the k0

′ values shown in 
Table 1. Therefore, it can be concluded that, by optimizing the 

Fig. 9. Evolution of the relative concentration of antimony at different applied 
current densities and hydrochloric acid concentrations. [Sb] = 2 mM, [HCl] =
1.5–6 M, 500 rpm. 

Fig. 10. Final conversion of Sb obtained in the undivided and the two-compartment reactor after 2 h at various applied current densities.  
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convective regime, it is possible to recover Sb at a higher rate and with a 
lower energy consumption. 

The trends observed in the figures of merit with the current density 
and stirring rate confirm the conclusions obtained in Section 3.3.1: the 
best results of Sb electrodeposition are obtained applying the stirring 
rate of 950 rpm on account of an improved mass transfer. For the same 
values of applied current, the current efficiency is higher and the specific 
energy consumption lower with the highest stirring rate. 

4. Conclusions 

Antimony is present in secondary waste effluents from the copper 
electrorefining process. With the aim of recovering the antimony and 
reusing the HCl used for the regeneration of ion-exchange resins, the 
electrochemical characterization of the emulated effluent has been 
carried out, and subsequently, electrodeposition experiments have been 
executed under various conditions. 

The electrochemical characterization by means of voltammetry of 
the system Sb(III)/Sb in highly concentrated hydrochloric acid leads to 
the following conclusions:  

i) The deposition of Sb(III) in the system of study is a mass transfer- 
controlled process.  

ii) All linear sweep voltammograms show a plateau denoting that the 
limiting current density for the electrodeposition of Sb is reached. 

The shape of the plateau depends on the Sb concentration and on the 
stirring rate. The higher the Sb concentration, the larger the limiting 
current density; and at increasing stirring rates the limiting current 
density increases and the length of the plateau decreases. 

Electrodeposition experiments confirmed that the amount of Sb 
recovered diminishes when the applied electrode potentials are more 
cathodic than − 0.38 V vs. Ag/AgCl. This behavior is caused by different 
phenomena: the HER taking place at the cathode causes the partial 
detachment of the deposited Sb, and the chlorine generation occurring 
at the anode can dissolve the metallic antimony that has been detached. 

In galvanostatic electrolysis, when the applied current density is 
lower than the initial limiting current density (1.265 mA⋅cm− 2), the rate 
of antimony electrodeposition increases with the applied current den
sity. The behavior is the contrary above the initial limiting current 
density, since the limited supply of dissolved antimony towards the 
electrode favors the HER. Increasing the Sb recovery rate is achieved by 
increasing the mass transfer coefficient, either at higher Sb concentra
tions or with improved hydrodynamic conditions. The detrimental effect 
of the hydrogen evolution reaction on the recovery of antimony also 
decreases at high HCl concentrations. 
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