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A B S T R A C T   

Recovering critical materials from effluents of the copper electrorefining would improve the circularity and 
sustainability of this industry. In this task, selectivity is crucial to separate metals present in multi-component 
electrolytes and obtain added value products. Electrodeposition can be used to recover metals individually 
when their reduction takes place at different potentials. Moreover, the preferential deposition of a specific 
element can also be modulated under galvanostatic control. In this study, the recovery and separation of anti
mony and bismuth from highly concentrated hydrochloric acid solutions is investigated by means of voltammetry 
and electrodeposition. In potentiostatic mode, the preferential deposition of antimony takes place at − 0.25 VAg/ 

AgCl, although a moderate selectivity is achieved. Under galvanostatic mode, at current densities below the 
limiting value (iL), the deposition of bismuth is almost prevented, and the selectivity factor for antimony reaches 
the highest values. These results prove the feasibility of a highly selective antimony recovery by electrodepo
sition. When the iL is exceeded, the selectivity towards antimony drops because more cathodic potentials are 
reached, which activate the deposition of bismuth and hydrogen evolution, thus decreasing the overall elec
trodeposition current efficiency. Upon an increase in the proportion of bismuth in the mixtures, high current 
densities also favor the deposition of this metal but decrease the contribution of hydrogen evolution reaction as 
compared to solutions with a higher proportion of antimony. Thus, the process can also be conducted at high 
electrodeposition current densities, yet at the cost of obtaining the product in the form of an alloy.   

1. Introduction 

The copper processing industry involves multiple separation and 
purification steps, starting from the ore extraction until reaching a high 
purity copper as the final product. Such steps impact the environment 
because they involve an intensive consumption of chemicals and energy, 
and also the release of pollutants [1,2]. During the manufacturing pro
cess, several wastes are generated, such as slag, flue dust and liquid 
effluents, which mostly contain copper and other metals considered 
impurities, including antimony, bismuth, arsenic or iron [3,4]. Some of 
these impurities have been classified as critical materials due to their 
scarcity and relevance to the economy [5]. This is the case of antimony 
and bismuth, which are included in the List of Critical Raw Materials of 
the European Commission [6] and in the List of Critical Minerals pub
lished by the U. S Geological Survey [7]. The relevance of antimony is 

based on its applications, among them, the most widespread is as flame 
retardant in several products, followed by its use in the form of alloys in 
liquid metal batteries [8,9]. In addition, the use of bismuth-antimony 
cathodes in liquid metal batteries has been studied with promising re
sults [10]. Other applications of Sb are as glass decolorizer, catalyst in 
the production of plastics and semiconductor dopant [3]. Thus, recov
ering metals from the copper processing residues contributes to increase 
the sustainability of this industry. 

Electrorefining is the last stage of copper production, where high- 
purity copper cathodes are obtained. Apart from the cathodes, a by- 
product stream composed of a sulfuric acid-based electrolyte contain
ing dissolved copper and other impurities, mainly antimony and bis
muth, is generated [11]. The sulfuric acid and copper present in the 
spent electrolysis baths are recovered and continuously reused in the 
electrorefining. To achieve this, the metallic impurities of Sb and Bi, 
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which decrease the quality of the produced copper cathodes, are selec
tively removed by treating the electrolyte with aminophosphonic ion 
exchange resins [12,13]. Before reaching the column breakthrough ca
pacity, the resins need to be regenerated using highly concentrated 
hydrochloric acid, which is capable to elute the impurities retained by 
ion exchange. As a result, an effluent that mainly contains antimony and 
bismuth is obtained [14,15], the treatment of which is of great interest 
both for the recovery of these critical metals and for the reuse of the 
acidic solution. 

Usually, the effluent is treated by distillation to recover part of the 
HCl employed in the elution of the resins [16]. After that, the resulting 
liquor containing the metals is precipitated by addition of gypsum and 
deposited in landfills [17]. Another common treatment is to neutralize 
the eluate with lime; where the resulting product can be removed as 
toxic waste [14] or recovered as a metallic oxide that is sold as raw 
material to produce Sb-based flame retardants [18], or electrical-quality 
bismuth [19]. Currently, other processes to recover Sb and Bi from el
uates of the ion exchange regeneration have been developed, such as 
liquid-liquid extraction [14] or selective precipitation by addition of 
NaOH and NH4OH [20]. Most of the technologies mentioned require the 
addition of large quantities of chemicals, limit the continuous reuse of 
HCl as extractant and even entail the loss of Sb and Bi. In contrast with 
these techniques, electrodeposition can also be used for recovering 
metals from industrial and mining effluents [21,22], but implying a 
minimal addition of reagents. Recently, some authors have highlighted 
the feasibility of electrochemical deposition to achieve individual metal 
recovery from multicomponent electrolytes [23,24]. Thanu and Jaya
kumar [23] found an optimum potential and current at which Sb is 
electrodeposited individually from an electrolyte containing Sb, Bi and 
Fe. Grima et al. [24] implemented an electrodeposition process to 
recover the different metals contained in a multicomponent electrolyte 
composed of Ni, Co and Mn, separately. Individual recovery by elec
trodeposition can be feasible when, at a given potential, the reduction of 
one metal occurs, whereas the reduction of others does not occur [25, 
26]. That is, the selective recovery can be ensured by operating under 
potentiostatic control. For example, recovering nickel and copper 
separately is achievable because of the difference between their reduc
tion potentials [27]. However, the selectivity of the process can also be 
modulated under galvanostatic control in the case that a selective sep
aration is not feasible under potentiostatic mode. 

In previous studies, the recovery of antimony from highly concen
trated HCl solutions by means of electrodeposition has been investi
gated, by conducting a phenomenological characterization of the 
electrochemical reactions taking place under varying compositions and 
operating conditions [28], and by studying the role of mass transfer on 
the complete recovery of antimony by electrodeposition [29]. However, 
the presence of a competing dissolved metal in the composition of the 
effluents was not considered. In the present study, this important chal
lenge is addressed, and the selective separation of antimony and bismuth 
from a highly concentrated HCl solution by electrodeposition is evalu
ated. The voltammetric response of solutions with varying concentra
tions of Sb and Bi is analyzed and the potentials at which different 
electrochemical reactions take place are identified. Subsequently, the 
selectivity and current efficiency of the metal recovery is evaluated in 
potentiostatic and galvanostatic mode using a reference composition 
that emulates that of the real effluents generated in the copper elec
trorefining. Moreover, two of the main factors that influence the selec
tivity of the galvanostatic process are investigated: the level of applied 
current density and the relative concentration of Sb versus Bi in the 
effluents. 

2. Experimental 

2.1. Materials and reagents 

The reference solution used in the present study is composed of 

10 mM Sb(III), 2.5 mM Bi(III) and 6 M HCl, which is based on the typical 
concentrations measured in the real effluent obtained as a result of the 
regeneration of aminophosphonic ion exchange resins at Chuquicamata 
mining sites (Chile) [4,30]. The use of highly concentrated HCl as eluent 
is justified by the low solubility of antimony and bismuth. Moreover, 
other concentrations of antimony and bismuth have also been used to 
analyze the effect of varying proportions between both elements in the 
electrochemical response of the system (mixtures of 5 mM Sb and 5 mM 
Bi, and mixtures of 2.5 mM Sb and 10 mM Bi) [14]. All solutions were 
prepared with analytical grade reagents, Sb2O3 (99%, Sigma Aldrich), 
Bi2O3 (99.9%, Sigma Aldrich) and HCl (37%, Panreac), and distilled 
water. 

2.2. Experimental setup and voltammetric measurements 

Cyclic voltammetry experiments were conducted using a three- 
electrode cell. A platinum plate enclosed in Teflon with an area of 
0.071 cm2 was used as the working electrode (Metrohm), the reference 
electrode was an Ag/AgCl (3 M KCl) electrode (Metrohm), and the 
counter electrode was a platinum ring with an area of 1 cm2 (Mettler- 
Toledo). 

Linear sweep voltammetry and electrolysis tests were conducted 
using an undivided reactor of 250 mL, also using a three-electrode 
configuration. In this case, a copper plate with 20 cm2 of effective 
area was used as the cathode, an Ag/AgCl (3 M KCl) electrode was 
employed as reference electrode, and the anode was a dimensionally 
stable anode (DSA) composed of a sheet of titanium coated with a mixed 
metal oxide layer (RuO2/IrO2: 0.70/0.30), with an effective area of 
40 cm2. The experiments were carried out under hydrodynamic condi
tions using a magnetic stirrer with controlled stirring rate (500 rpm). 

The cyclic and linear voltammetric measurements were obtained at a 
scan rate of 10 mV s− 1, beginning at the open circuit potential (OCP) 
towards cathodic potentials. For linear voltammetry, the cathodic limit 
potential was − 0.65 VAg/AgCl. For cyclic voltammetry, the potential 
range was + 0 to − 0.6 VAg/AgCl; in this case, when the cathodic limit 
potential is reached, the scan is inverted until the anodic limit potential 
is reached. In cyclic voltammetry, several cycles are required to stabilize 
the system and obtain reproducible results. 

The voltammetric study was carried out with three different solu
tions. First, the reference solution was analyzed, and then voltammetry 
was performed with a 6 M HCl solution with 10 mM Sb and another one 
with 2.5 mM Bi to obtain the electrochemical response of both elements 
separately (in the absence of the corresponding competing metal). All 
experiments were conducted at room temperature (25 ◦C) employing a 
potentiostat/galvanostat (Autolab PGSTAT 302 N) and NOVA 1.10 
software. 

2.3. Electrodeposition experiments 

Electrolysis experiments were conducted with the reference solution 
in potentiostatic and galvanostatic mode. The applied values of potential 
and current density were selected according to the results obtained 
previously in the voltammetric experiments. In galvanostatic mode, the 
effect of applying different current density values on the selectivity was 
studied. After that, experiments were carried out varying the molar 
fraction of antimony, calculated as xSb =

cSb(0)
cSb(0)+cBi(0), to evaluate the in

fluence of different proportions between Sb and Bi on the selectivity of 
the process. This effect was tested at high and low levels of current 
density. The duration of the experiments was 3 h. 

The concentrations of bismuth and antimony of samples taken from 
the electrochemical reactor were measured by atomic absorption spec
troscopy (Perkin-Elmer model AAnalyst 100). To obtain the concentra
tion of antimony, an antimony hollow cathode lamp (Varian Techtron 
Pty. Ltd.) was used at a wavelength of 217.6 nm. For the determination 
of bismuth, a bismuth hollow cathode lamp was employed (Varian 
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Techtron Pty. Ltd.) at a wavelength of 223.1 nm. In both cases, a spectral 
bandwidth of 0.2 nm, a current of 15 mA and an acetylene-air ratio of 
2:4 were used. 

The morphology and composition of the deposits were analyzed by 
scanning electron microscopy (SEM, Zeiss model Ultra 55) and an en
ergy dispersive X-ray analyzer attached to the SEM, respectively. The 
applied acceleration voltage was 10 kV. 

The selectivity or separation efficiency of Sb over Bi (SSb
Bi ) has been 

calculated according to Eq. 1, in which, the progress of each metal 
deposition in terms of relative concentrations is compared [31]: 

SSb
Bi (t) =

[
cBi(t)
cBi(0)

]

−

[
cSb(t)
cSb(0)

]

[

1 −
cBi(t)
cBi(0)

]

+

[

1 −
cSb(t)
cSb(0)

] (1)  

where cBi and cSb are the concentration of bismuth and antimony in the 
solution (molL− 1) at the beginning of the experiments (0) and at a spe
cific time (t). The values of SSb

Bi vary between − 1, where only the elec
trodeposition of Bi occurs, and + 1 for the completely selective 
electrodeposition of Sb. 

The evolution of current efficiency (Φ) of each metal (ΦSb and ΦBi) 
has been determined using Eq. 2 and Eq. 3, respectively, where n rep
resents the number of electrons involved in the deposition (n = 3 for 
both metals); F is the Faraday constant (96,485.33 C mol− 1); V is the 
reactor volume (L); and I(t) represents the function of the current with 
time (A). The total electrodeposition current efficiency (Φelectrodeposition) 
has been calculated as the sum of both current efficiencies (Eq. 4). 

ΦSb(t) =
n F V(cSb(0) − cSb(t))

∫ t
0 I(t)dt

100(%) (2)  

ΦBi(t) =
n F V(cBi(0) − cBi(t))

∫ t
0 I(t)dt

100(%) (3)  

Φelectrodeposition(t) = ΦSb(t) +ΦBi(t) (4)  

3. Results and discussion 

3.1. Voltammetric study 

Fig. 1 shows the three cyclic voltammograms of 6 M HCl solutions 
with different concentrations of Sb and Bi: the reference solution con
taining both metals and two additional solutions, one containing only 
antimony (10 mM) and another one with only bismuth (2.5 mM). 

Starting the analysis of the voltammograms with the cathodic scan, 
from the OCP towards negative potentials, for the solution containing 
only Sb, a reduction peak can be seen at − 0.32 VAg/AgCl, while the 
reduction peak for solutions containing only Bi appears at less cathodic 
potentials, around − 0.27 VAg/AgCl. The predominant species of Sb and 
Bi in 6 M HCl solutions are the chloro complexes SbCl3−6 and BiCl2−5 (see 
Fig. S. 1. in Supplementary material), so their electrodeposition occurs 
mainly according to Eq. 5 and Eq. 6, respectively [29]. 

SbCl3−
6 + 3e− ⟶Sb+ 6Cl− (5)  

BiCl2−
5 + 3e− ⟶Bi+ 5Cl− (6) 

Regarding the voltammogram obtained with the mixture solution 
(Sb + Bi), only one reduction peak is also observed. This may indicate 
that the electrodeposition of both elements takes place simultaneously 
producing an alloy in the surface of the electrode, as indicated by Eq. 7 
[32]. 

x BiCl2−
5 + y SbCl3−

6 + 3⋅(x+ y) e− ⟶BixSby +(5x+ 6y) Cl− (7) 

The potential of the reduction peak of the mixture (− 0.29 VAg/AgCl) 

lies in between the values obtained for the solutions containing only one 
metal. A zoom of the reduction peaks is shown in the inset of Fig. 1, 
where it can be clearly seen that the reduction of Bi appears at less 
cathodic potentials as compared to Sb, while that of the mixture takes 
place at intermediate potentials. Another remarkable fact is the high 
current density of the reduction peak of Bi (6.8 mA cm− 2) as compared 
to the other two systems (4.8 and 4.7 mA cm− 2), in spite of the lower 
concentration of Bi. The reason for that can be the higher diffusion co
efficient of bismuth versus antimony. Schoenleber et al. [33] obtained 
values for the Bi diffusion coefficient in different media that almost 
double those obtained for Sb. In all cases, after the reduction peak, the 
current signal decays reaching highly negative values in the potential 
range between − 0.50 and − 0.60 VAg/AgCl, which denotes the vigorous 
generation of hydrogen bubbles due to the hydrogen evolution reaction 
(HER), as a consequence of the reduction of the electrolyte solution [28]. 

In the anodic scan, once the potential has been reversed, a main 
oxidation peak can be observed for the three systems. The oxidation 
peaks correspond to the reverse reactions of Eq. 5, Eq. 6 and Eq. 7, that 
is, to the redissolution of the electrodeposited metals previously formed 
during the cathodic scan. 

To analyze the reduction process of the elements separately and in 
the mixture in more detail, linear sweep voltammetry tests were 
executed (Fig. 2). The experiments were carried out in the reactor 
employed for the electrodeposition tests, with the copper cathode and 
under hydrodynamic conditions. A previous study demonstrated the 
positive influence of working at convective regimes for the Sb electro
deposition [28]. The shape of the voltammograms is similar in all three 
systems; a sharp decrease in current density is observed at 
− 0.25 VAg/AgCl for the solution with only Sb and the mixture, and at 
− 0.28 VAg/AgCl for the solution only containing Bi as dissolved metal. In 
these voltammograms, a plateau is registered instead of a peak, because 
the dissolved metals are continuously supplied from the bulk solution to 
the electrode surface by convection. When the electrodeposition rate 
approaches the mass transport rate of dissolved metals towards the 
electrode, mass transfer becomes the limiting step of the process and a 
plateau at the corresponding limiting current density (iL) is registered. 
Here, it is to note that, for the low level of metal concentrations of this 
study, similar iL values around 3.0 mA cm− 2 are obtained for the three 
solutions. Regarding the relevance of HER, this reaction starts to be 

Fig. 1. Cyclic voltammogram of solutions with different concentrations of 
antimony and bismuth in 6 M HCl: 10 mM Sb (black line), 2.5 mM Bi (red line), 
and 10 mM Sb and 2.5 mM Bi mixtures (green line). Inset: Zoom of reduc
tion peaks. 
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predominant at less cathodic potentials for the reference solution. Some 
authors have stated that Bi displaces the HER to more cathodic poten
tials [34]. 

3.2. Potentiostatic electrodeposition with the reference effluent 
composition 

As observed in Fig. 2, the reduction potentials of antimony and bis
muth are separated around 30 mV, beginning the bismuth reduction at 
more cathodic potentials than the antimony reduction. Thus, to check 
whether the separation of the elements by electroreduction experiments 
is feasible, a potentiostatic test was carried out at − 0.25 VAg/AgCl. 

The results of this experiment can be observed in Fig. 3a, where the 
evolution of the relative concentration of each metal is represented. For 
both metals, the relative concentration diminishes with time. However, 
the relative amount of Bi electrodeposited is significantly lower than 
that of Sb. The selectivity of the process, calculated according to Eq. 1 
based on the fittings of c(t)/c(0) of Fig. 3a, is shown as a function of the 
electrodeposition time in Fig. 3b. It reveals an electrodeposition pref
erence for antimony, in agreement with our initial expectations 

according to the linear voltammograms. Moreover, the high value of the 
cSb(0)/cBi(0) ratio implies a higher availability of Sb(III) species near the 
electrode, what favors the preferential electrodeposition of this metal. 
Nevertheless, the selectivity does not reach a very high value (around 
0.6); so, it can be concluded that it is not possible to separate antimony 
and bismuth in hydrochloric acid by operating in potentiostatic mode. 
These results are in line with the conclusions achieved in a previous 
study on Bi deposition by Martıń-González et al. [35], who observed that 
underpotential codeposition of two metals occurs when the difference 
between the potentials for the two separate cations is lower than 
~250 mV. In the mixtures investigated in the present work, the reduc
tion potentials of antimony and bismuth are separated only by around 
30 mV; what could be a limitation for the potentiostatic electrodeposi
tion of the individual elements. At potentials less cathodic than 
− 0.25 VAg/AgCl no metal would be deposited because the reduction of 
none of them takes place. 

3.3. Galvanostatic electrodeposition with the reference effluent 
composition 

After confirming that the separation of Sb and Bi by electrodeposi
tion based on the different reduction potentials of each metal was not 
feasible operating in potentiostatic mode, a different approach was 
investigated. Instead of applying a potentiostatic control on the depo
sition process, a kinetic control was searched by operating in galvano
static mode. Galvanostatic tests at current densities, below, 
approximately equal to, and above the iL value obtained from Fig. 2 
(3 mA cm− 2) were performed. The evolution of the relative concentra
tions of both dissolved metals in the reactor for the three applied current 
densities is shown in Fig. 4. As can be seen in Fig. 4a, the decrease of Sb 
concentration in the reactor becomes progressively faster with an in
crease in the applied current density, this indicating that the rate of Sb 
electrodeposition increases at high current densities. This effect is con
trary to that observed in a previous work, where an electrodeposition 
deceleration of Sb was detected at increasing current densities in an HCl 
solution containing Sb [29]; this trend changes with the presence of Bi. 
The same effect is observed in the case of Bi (Fig. 4b). However, at the 
current density below iL, 1.5 mA cm− 2, the concentration of dissolved Bi 
remains practically constant with time, meaning that only Sb could be 
electrodeposited under these conditions. During this test, the measured 
electrode potential is approximately − 0.24 VAg/AgCl (see Fig. S. 2 in 
Supplementary material). So, the results agree with those obtained in 
potentiostatic mode at − 0.25 VAg/AgCl. The registered electrode poten
tial (less cathodic than the reduction potential of bismuth) and the ratio 
between the concentrations of both metals seem to be the main factors 
affecting the selectivity of the process. However, an increase in the 

Fig. 2. Linear sweep voltammograms of solutions with different concentrations 
of antimony and bismuth in 6 M HCl: 10 mM Sb (black line), 2.5 mM Bi (red 
line), and mixtures of 10 mM Sb and 2.5 mM Bi (green line). 

Fig. 3. Evolution of the relative concentration of antimony and bismuth (a); and, of the selectivity of antimony over bismuth (b) at − 0.25 VAg/AgCl.  
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applied current density notably accelerates the Bi electrodeposition, 
which coincides with the registration of electrode potentials higher than 
the reduction potential of Bi, − 0.27 VAg/AgCl at 3 mA cm− 2 and 
− 0.30 VAg/AgCl at 4.5 mA cm− 2 (Fig. S. 2 of Supplementary material), 
and similar c(t)/c(0) values for both metals are obtained. Thus, it seems 
that the limited supply of dissolved Sb towards the electrode by oper
ating at i > iL together with the more cathodic potentials reached at high 
currents, promote an acceleration of the electrodeposition of Bi and 
decrease the process selectivity towards Sb. 

The selectivity of the process (shown in Fig. 5) was calculated ac
cording to Eq. 1 using the fittings of the relative concentration of each 
metal. As mentioned above, at iapplied < iL a highly selective antimony 
deposition is confirmed with SSb

Bi values larger than 0.9. By operating 
under conditions where mass transfer is not a limiting process, the 
supply of dissolved antimony towards the electrode is fast enough to 
satisfy the imposed current density, and the electrons released at the 
electrode surface can be accepted by Sb(III) species. This results in a 
selective process for the reduction of antimony, which is the less 
cathodic reaction according to the voltammograms of Fig. 2 and agrees 
well with the electrode potentials close to − 0.24 VAg/AgCl registered for 

this experiment. At such potential values the reduction of bismuth is 
almost absent, thus resulting in a very selective process. However, an 
important change in the process selectivity occurs for the range 
iapplied ≥ iL. In these cases, the process is not selective for either metal (SSb

Bi 
values are close to 0), where two counteracting phenomena seem to play 
a role on the metal recovery. Whereas the high cSb(0)/cBi(0) ratio may 
favor the deposition of Sb; by operating at high current densities, the 
deposition of antimony is more limited by mass transfer, while Bi elec
trodeposition becomes faster. This is in agreement with the larger cur
rent densities obtained in the voltammograms for the solution only 
containing Bi (Fig. 2). 

The current efficiencies of the process for antimony and bismuth are 
presented in Fig. 6a and b, respectively. The values obtained for bismuth 
are below those for antimony as a consequence of the lower concen
trations of Bi in the solution (cSb(0)/cBi(0) = 4), and the total amount of 
Bi removed is more than four times lower than that of Sb (see Fig. S. 3 in 
Supplementary material). For both elements, the current efficiency de
creases with time and applied current density because of the higher 
contribution of the HER. Note that the current efficiency of Bi at 
1.5 mA⋅cm− 2 has not been estimated because the deposition of this 
metal is insignificant at this current density. Regarding the total current 
efficiencies (see Fig. S. 4 in Supplementary material), which are calcu
lated as the sum of ΦSb + ΦBi, the average values obtained at iapplied ≤ iL 

are similar (75.6% at 1.5 mA cm− 2 and 70.5% at 3 mA cm− 2); however, 
this value drops at 4.5 mA cm− 2 (48.6%). Thus, it can be concluded that, 
when the limiting current density is exceeded, HER is favored decreasing 
the overall electrodeposition efficiency. Moreover, the increased pre
dominance of HER with the reaction time can be a consequence of the 
gradual depletion of dissolved metals near the electrode surface. 

Although the main aim of this study is to investigate the selectivity of 
the process, it is remarkable that the complete recovery of antimony and 
bismuth would require longer operating times, for which high values of 
total current efficiency could not be sustained under the applied current 
densities. In our previous study dealing with the deposition of antimony 
in highly concentrated HCl solutions, it was demonstrated that mass 
transfer is a limiting phenomenon for this process [29]. The actual 
limiting current density for an electrodeposition process changes with 
time with the decrease in the concentration of dissolved metal according 
to Eq. 8: 

iL(t) = n⋅F⋅km⋅c(t) (8)  

Where iL(t) refers to the actual value of the limiting current density, and 
km to the mass transfer coefficient. Consequently, as the gradual 
decrease in concentration of the dissolved metal occurs, the actual value 

Fig. 4. Evolution of the relative concentration of antimony (a) and bismuth (b) at different applied current densities with the reference solution: mixtures of 10 mM 
Sb and 2.5 mM Bi in 6 M HCl. 

Fig. 5. Selectivity of antimony over bismuth at different applied cur
rent densities. 
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of limiting current density may fall below the applied one, this causing 
an intensification of other electrochemical reactions, such as HER. 
Nonetheless, in our previous study, the complete recovery of antimony 
could be achieved ensuring a high current efficiency by operating at 
lower values of current density [29]. In consequence, a possible oper
ating strategy would be to conduct the electrodeposition process in two 
phases at different applied current densities: a first phase where an 
electrode rich in antimony is obtained, and a second one at lower current 
densities where the complete recovery of the metals is achieved ensuring 
high current efficiencies and enabling the recycling of the acidic 
solution. 

3.4. Galvanostatic electrodeposition with different concentration ratios 
between Sb and Bi 

The concentration of metals in the effluent resulting from the 
regeneration of the aminophosphonic ion exchange resins with hydro
chloric acid can vary depending on the origin of the copper ores and the 
procedure followed during the regeneration stage [4,14]. Therefore, it is 
interesting to investigate whether the conclusions obtained for the 
reference solution composition would apply for other proportions of Sb 
and Bi. The selectivity of the process has been further investigated at 
different proportions of Sb and Bi: one with the same concentration of 
both metals, and another one with a higher concentration of Bi with 
respect to Sb. The three cSb(0)/cBi(0) ratios and corresponding molar 
fractions of Sb are summarized in Table 1. 

Fig. 7 shows the voltammograms obtained with solutions with 
different cSb(0)/cBi(0) ratios. When analyzing the voltammograms from 
OCP towards cathodic potentials, a reduction peak is observed. The peak 
potential shifts slightly towards more cathodic values as the cSb(0)/
cBi(0) ratio decreases, and its current density increases notably for cSb(0)
/cBi(0) = 0.25 (when Bi is the predominating dissolved metal). When the 
scan is inverted, the oxidation peak is detected in all cases, and a change 
in peak area with the Bi concentration occurs, similar as that observed 
for the reduction peak. The results agree with those shown in Fig. 1: a 
higher proportion of Bi implies an increase in peak current density. 

The electrodeposition tests have been executed at two current den
sities chosen based on the selectivity measured in the previous section: 

1.5 mA⋅cm− 2, which are conditions that favor the selectivity towards 
antimony; and 4.5 mA⋅cm− 2, where the process is not selective. 

When the applied current density is 1.5 mA cm− 2, see Fig. 8a, the 
electrodeposition of Sb is similar for all three ratios analyzed, the 
amount of Sb removed is higher with a larger proportion of Sb in the 
initial solution (Fig. S. 7 a in Supplementary material). The rate of Bi 
deposition increases slightly when the xSb diminishes (Fig. 8b), even 
though Sb electrodeposition predominates at this low value of current 
density (Fig. S. 7 a). For xSb ≤ 0.5, the electrode potential reaches the Bi 
reduction potential (Fig. S. 5), what explains the increased removal of Bi 
as the proportion of this metal in the solution increases. Focusing on the 
total amount removed of each metal at 1.5 mA cm− 2 for xSb = 0.8, the 
amount of Sb removed is notably higher than Bi. Therefore, these con
ditions could be applied to recover Sb selectively, as was also noted by 
the selectivity values of Sb over Bi, greater than 0.9 (Fig. 10 a). 

The evolution of the relative concentration of Sb and Bi at 
4.5 mA cm− 2 is shown in Fig. 9a and b, respectively. For both metals, the 
relative concentration diminishes with time in a similar trend for the 
three xSb values, confirming that at high current densities, the process is 
not selective for either metal, regardless of their relative concentration 
in solution. Furthermore, the electrode potential reached for all xSb 

Fig. 6. Evolution of the current efficiency at different applied current densities for antimony (a) and for bismuth (b).  

Table 1 
Composition of the investigated solutions.  

Sb (III) (mM) Bi (III) (mM) HCl (M) cSb(0)/cBi(0) xSb  

10  2.5  6  4  0.8  
5  5  6  1  0.5  
2.5  10  6  0.25  0.2  

Fig. 7. Cyclic voltammogram of solutions with various concentration ratios 
between Sb and Bi in 6 M HCl. 
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values is also very similar, and close to the Bi reduction potential (Fig. S. 
6 in Supplementary material). 

The selectivity of the process has been obtained for both applied 
current densities. The selectivity at 1.5 mA cm− 2 is shown in Fig. 10 a, 
where the results obtained confirm that at low current densities, the Sb 

deposition predominates over the Bi deposition. However, this pre
dominance decreases when the xSb diminishes. On the contrary, the 
results obtained at 4.5 mA cm− 2 (Fig. 10 b) support the conclusion that 
at high current densities there is no prevalence in the deposition of any 
metal, with independence of their relative concentration. Under such 

Fig. 8. Evolution of the relative concentration of antimony (a) and bismuth (b) at 1.5 mA cm− 2 in solutions with different molar fractions of antimony.  

Fig. 9. Evolution of the relative concentration of antimony (a) and bismuth (b) at 4.5 mA cm− 2 in solutions with different molar fractions of antimony.  

Fig. 10. Selectivity of antimony over bismuth at 1.5 mA cm− 2 (a) and 4.5 mA cm− 2 (b) in solutions with different molar fractions of antimony.  

L. Hernández-Pérez et al.                                                                                                                                                                                                                     



Journal of Environmental Chemical Engineering 12 (2024) 112005

8

conditions, the system evolves towards more cathodic electrode poten
tials, making feasible the electrodeposition of bismuth and causing a 
drop in selectivity. The electrons released at the cathode react with the 
electroactive species that are present near its surface, in nearly the same 
proportion as their concentration in the solution. 

The analysis of the composition of the deposits (Fig. S. 9 and Table S. 
1) confirms the above statements. The Sb deposition prevails over Bi 
when the applied current density is 1.5 mA cm− 2: for a molar proportion 
of 4 in the initial solution, a very high ratio of antimony vs. bismuth of 
14.52 is reached in the final deposit. The process is still selective for the 
deposition of antimony for cSb(0)/cBi(0) = 0.25 and 1.5 mA cm− 2, with 
a final proportion reached in the deposit of 0.33, although a substantial 
drop in selectivity takes place. On the contrary, at 4.5 mA cm− 2 the 
proportion of the metals in the initial solution and in the deposits is 
practically the same, so that it is confirmed that there is no preference 
for any element. Thanu and Jayakumar [23] obtained a similar 
conclusion working at high current densities (around 20 mA cm− 2) with 
a solution containing similar concentrations of Sb and Bi: they did not 
detect electrodeposition preference towards any metal. According to the 
presented results, it can be concluded that xSb is a relevant parameter 
when the galvanostatic electrodeposition is carried out at low current 
densities, verifying the importance of mass transfer in the electrodepo
sition process [29]. Other authors have highlighted the relevance of the 
relative concentrations of Sb and Bi in solution on the composition of the 
obtained deposits [36]. 

The current efficiencies for the electrodeposition of each metal have 
been calculated for both current densities (Fig. 11). In general, from all 

panels of Fig. 11, it can be concluded that a higher concentration of the 
element in the solution implies higher values of current efficiency for its 
specific deposition. In the case of Sb (Fig. 11 a, b), the highest current 
efficiency is obtained with the solutions with a predominance of Sb; and 
the analogous trend occurs for Bi (Fig. 11 c, d). This trend clearly agrees 
with that obtained for the total amount of removed metals represented 
as a function of the fraction of dissolved metals in the solutions (xSb), 
which are shown in Fig. S. 7 of the Supplementary material. 

Focusing on the current efficiencies reached for Sb (Fig. 11 a, b), they 
decrease with the applied current density. This occurs because both 
reactions competing with the Sb deposition, the HER and the Bi depo
sition, are more relevant under conditions where the electrode potential 
reaches more cathodic values (Fig. S. 6 in Supplementary material). 
These effects are also confirmed when ΦBi is analyzed at different cur
rent densities (Fig. 11 c, d); for all xSb, it is observed that when current 
density increases, the current efficiency for Bi deposition also increases 
because the reduction potential of Bi is reached. 

The evolution of the total current efficiency with different xSb values 
at both current densities (Fig. S. 8) confirms the previous statement. For 
high proportions of Bi, the overall deposition efficiency increases with 
current density, because the Bi electrodeposition is favored, and this 
metal is available in the solution at high concentrations. As mentioned 
above, this is consistent with the larger diffusion coefficients reported by 
Schloenleber et al. for bismuth species [33]. Therefore, higher current 
densities can be better sustained by bismuth, as the rate of supply of this 
metal towards the electrode may be higher than the rate of supply of 
antimony. This difference in transport rates of both metals would 

Fig. 11. Evolution of the current efficiency at different applied current for antimony at 1.5 mA cm− 2 (a) and 4.5 mA cm− 2 (b); and, for bismuth at 1.5 mA cm− 2 (c) 
and 4.5 mA cm− 2 (d), in solutions with different molar fractions of antimony. 

L. Hernández-Pérez et al.                                                                                                                                                                                                                     



Journal of Environmental Chemical Engineering 12 (2024) 112005

9

explain the lower relevance of HER in systems where the concentration 
of Bi is higher than that of Sb. However, for the highest proportion of Sb 
in solution (xSb = 0.8), although the Bi electrodeposition may be 
favored, the low concentrations of Bi in solution, imply that the main 
reaction favored at high current densities is the HER. For this propor
tion, the overall deposition current efficiency drops from an average 
value of 75.6% at 1.5 mA cm− 2 to a value of 49.2% at 4.5 mA cm− 2. 

4. Conclusions 

In this study, the selectivity of the electrodeposition of antimony and 
bismuth from highly concentrated hydrochloric acid solutions is 
analyzed. These solutions emulate the composition of eluates of ion 
exchange resins used to purify spent electrorefining baths. It has been 
found from a preliminar voltammetric analysis that the slight difference 
between the reduction potentials of antimony and bismuth makes the 
individual recovery of both metals a very challenging task. This 
conclusion was confirmed in potentiostatic electrolysis experiments at 
low cathodic potentials (i.e., − 0.25 VAg/AgCl), which lie below the 
reduction potential of bismuth. On the contrary, very high selectivity 
factors of antimony vs. bismuth were achieved by operating in galva
nostatic mode at current densities below the iL for the reference solution 
composition. The electrode potentials reached under these conditions 
(unfavorable for the bismuth reduction) and the higher availability of 
antimony in the reference solution almost impede the deposition of 
bismuth. These promising results prove the feasibility of a highly se
lective recovery process by electrodeposition, which would improve the 
circularity of copper electrorefining. At current densities above iL, a 
sharp drop in selectivity and also in the current efficiency for the anti
mony electrodeposition takes place, which is attributed to the higher 
cathodic potentials reached, that favor the deposition of bismuth and 
also the evolution of hydrogen. Galvanostatic experiments carried out at 
different proportions of antimony and bismuth showed that a higher 
proportion of bismuth increases the current efficiency for the deposition 
of this metal, thus decreasing the process selectivity. Operating at high 
current densities (4.5 mA cm− 2) involve reaching high cathodic poten
tials, and under these conditions, when the proportion of bismuth is low, 
the main reaction favored is the HER. On the contrary, when the 
availability of bismuth is high, overall electrodeposition efficiencies 
higher than 75% were reached working at high currents, although an 
unselective metal codeposition took place. 
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F. Bosch-Mossi, V. Pérez-Herranz, Statistical analysis of the effect of the 
electrochemical treatment and the acid concentration on the leaching of NMC 
cathodes from spent Li-ion batteries, J. Environ. Chem. Eng. 11 (2023) 110423, 
https://doi.org/10.1016/j.jece.2023.110423. 

[25] R.D. Armstrong, M. Todd, J.W. Atkinson, K. Scott, Selective electrodeposition of 
metals from simulated waste solutions, J. Appl. Electrochem. 26 (1996) 379–384. 
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