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Abstract: Determination of the extractive behavior of ionic species from lateritic ore leachates is
complex, since the leachates are pregnant with tens of different ions in, as a rule, multiple oxide states.
To examine the possible pathways of intrinsic electrochemical extraction of the crucial elements
Ni and Co, it was necessary to make model solutions of these elements and to subject them to
electrochemical examination techniques in order to obtain a benchmark. Beside Ni and Co, the
model system for Fe had to be evaluated. Iron, as a dominant ore component by far, is the main
interfering factor in the extraction processes of Ni and Co in rather low amounts from leaching
solution. The leachate examination results were compared to separate model solutions, as well
as to their combinations in concentrations and to pH values comparable to those of the leachate.
The separation of the leachate components was initially performed by continuous increase in pH
upon leaching with NaOH solution, and afterwards the pH-adjusted solutions were subjected to
electrochemical investigation. With the purpose of connecting and quantifying the visual changes
in leachate upon increase in pH, conductometric measurements were performed. Reactions of
oxidation/precipitations were indicated, which led to the essential Fe removal by precipitation.
Resulting solutions were found suitable for Ni and Co electrochemical extraction.

Keywords: leachate; metal ions extraction; selectivity; Fe removal; electrodeposition; conductometry

1. Introduction

Cobalt and nickel are considered both strategic and critical raw materials [1]. Nickel
has already been used in batteries, such as nickel–cadmium or nickel–metal-hydride, but
its use in lithium-ion batteries caused rising interest in this metal, since it is able to deliver a
higher energy density and more storage capacity to these batteries. Nickel has become the
most important for the lithium-ion battery cathodes, thus enabling the reduction the use of
cobalt, which is scarce and more expensive [2]. Nevertheless, cobalt is still essential for the
manufacturing of Li-ion batteries and its compounds for supercapacitor electrodes due to
the high specific capacitance and high energy density as well as better cyclic stability of Co
oxide [3]. With an outbreak of electric vehicle production, global demand for cobalt and
nickel has been growing. Global demand for these metals in electric vehicle batteries from
2018 to 2025 is forecasted to increase by 10 times [4–6].

Along with increasing needs, there has been the growing interest to recover Ni and
Co by hydrometallurgical processes, mainly focused on the improvement of leaching pro-
cesses [7–10]. Investigation of lateritic ore leachates for Ni and Co extraction, including
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advanced electrochemical techniques, should make the processing of such ores econom-
ically and technologically feasible. The pregnant leach solution (PLS) of a lateritic ore
contains plenty of elements gained from their native oxide state. Ni and Co may be ex-
tracted by electrochemical deposition, which is especially suitable due to the low content of
cobalt in the ores [11–13]. There are, however, among all the others, high amounts of iron,
which is undesired for the extraction processes of cobalt and nickel [14].

The electrochemical behavior of a leachate, i.e., PLS, was investigated by the usage
of constant-potential electrodeposition of PLS metals (employing chronoamperometry
(CA) method) and linear sweep voltammetry (LSV), as well as by conductometry (CM). In
such a complex solution, containing dozens of different ions, many of them with multiple
oxide states, it is hard to determine the behavior of ionic species separately. Moreover,
the mutual interactions of those ions, as well as the changes in ion interference with the
solution pH, make determination of exact leaching process parameters very difficult. To
examine the extraction possibilities of these crucial elements, Ni and Co, it was necessary
to make model solutions of these elements and to subject them to cyclic voltammetry (CV)
and (CA/LSV) examination techniques in order to obtain benchmark. Beside Ni and Co,
the model system for Fe had to be evaluated, as Fe is the main interfering factor of the
Ni and Co extraction process from leaching solution. The leachate examination results
were compared to separate model solutions containing desired metals, as well as their
combination in concentration and pH values equal to those of the leachate. Oxidation,
reduction and electrodeposition were investigated at −900 mV and at different pH. The
characteristic pH values were selected according to visual changes in acidic leachate and
the results of conductometric investigation upon stepped increase in pH. Conductometry
as employed to quantify metal ions’ transitions.

2. Materials and Methods
2.1. Leaching

Leaching of the lateritic ore was performed with 1.0 M sulfuric acid. The case-study
ore (PT HUADI Nickel-Alloy Indonesia, Papanloe, Pa’jukukang, Bantaeng Regency, South
Sulawesi 92461, Indonesia) composition is presented in Table 1. The composition of the ore
was determined by X-ray fluorescence (AXIOS, PANalytical, Eindhoven, The Netherlands).

Table 1. Chemical analysis of the ore, mass %.

SiO2 MgO Fe2O3 NiO Al2O3 CaO MnO Cr2O3 CuO Co3O4 K2O TiO2

11.70 5.81 70.70 3.80 4.27 0.13 0.73 1.78 <DL 1 0.05 0.02 0.07
1 DL–detection limit.

The mineral composition of the ore was determined by X-ray diffraction (XRD) anal-
ysis, which was performed on a RigakuMiniFlex 600 instrument with D/teXUltra 250
high-speed detector and an X-ray tube with a copper anode (Rigaku, Tokyo, Japan). Shoot-
ing conditions were: angle range 3–90◦, step 0.02◦ and recording speed 10◦/min. The
voltage of the X-ray tube was 40 kV, and the current was 15 mA. The identification of miner-
als was performed in the Match! Software, and the obtained diffractograms were compared
with the data from the ICDD database. The limit of detection of XRD analysis is about 1%.
The minerals rhomboclase (HFe(SO4)2·4(H2O)) and getite (FeOOH) were identified.

The leaching was carried out at elevated temperature in a round-bottom flask un-
der reflux. The mechanical stirring unit was introduced through an upper opening. The
flask was placed inside a temperature controlled heating unit (SAF Wärmetechnik GmbH,
Weinheimer Str. 2A, 69509 Mörlenbach, Germany). The automated heating unit kept the
temperature at a constant level over the time of the experiment. To automate the heating, a
thermocouple was constantly measuring the temperature during the trial. The ore concen-
trate leaching was carried out with a solid to liquid ratio of 1 g:5 mL, at the temperature
of 70 ◦C and a stirring speed of 300 rpm for 120 min. The obtained leaching solution
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was filtered through quantitative filter paper (Grade 391-blue spot, LLG, Meckenheim,
Germany). The leachate was subjected to a pH change by addition of appropriate portions
of 10 M NaOH solution (a high concentration of NaOH is applied in order to consider the
changes in ion concentrations as negligible upon PLS neutralization). Specific changes in
the system, e.g., occurrence of precipitates, color change, etc., at different pH values were
evaluated.

The starting leachate was of pH 0.5, and characteristic pH values according to specific
visual changes are as follows: 1.5, 2.3, 3.7 and 5.3. Chemical analysis of the leachate at dif-
ferent pH was conducted using ICP-OES (Spectro Arcos, SPECTRO Analytical Instruments
GmbH, Boschstr. 10, 47533 Kleve, Germany).

2.2. Preparation of Model Solutions

The following model solutions: CoSO4, NiSO4, FeSO4, CoSO4–NiSO4 and CoSO4–
NiSO4–FeSO4 were prepared according to the metal concentrations in PLS measured by
ICP-OES. Model solutions were prepared by dissolving CoSO4, NiSO4 and FeSO4 in 1 M
sulfuric acid using p.a. chemicals and double distilled water. Concentrations of Ni, Co and
Fe ions, as found in NaOH-treated PLS and listed in Table 2, were persistent in all of the
model solutions. A base solution of pH 3.7 was prepared without metal ions using H2SO4.

Table 2. Overview of the pH and concentrations (mmol/L) of the leachate and model solutions.

pH Co Ni Fe

3.7 0.3424 13.5 4.8
5.3 0.2661 12.3 0.0464

The selected characteristic pH values were 3.7 and 5.3 according to visual changes
during the leaching process and conductometric investigation.

2.3. Electrochemical Methods

In order to connect and quantify the visual changes in leachate upon increase in
pH, and to separate the precipitations of metal ions from neutralization of unreacted
acid, conductometric measurements (CM) were performed. The leachate resistance was
measured continuously upon addition of NaOH solution portions at room temperature
(22 ± 1 ◦C) in a home-made conductometric cell consisting of the two Pt parallel plates
at fixed distance. pH was measured independently by standard digital pH-meter. The
alternating voltage of 10 mV r.m.s. amplitude around open circuit reading (few mV
differences between the plates) at 10 kHz was applied to induce directed ion motion. The
applied frequency corresponds to the minimum of imaginary cell impedance, which was
checked by recording the impedance spectra. The resistance reading was taken from the
resistance/time dependences as a stable reading for at least 1 min, while single resistance
measurement at 10 kHz took less than 1 s. The input voltage signal and the cell response
were generated and evaluated by Biologic SP-200 potentiostat (BioLogic SAS, Grenoble,
France). In addition, 1:1 Diluted (with 1.0 M H2SO4) native pregnant leach solution (PLS)
and PLS with initial addition of 5 mL of H2O2 to 50 mL of PLS (PLSox) were subjected
to CM.

Other electrochemical measurements (CA, LSV) were performed in a standard three-
electrode system using potentiostat/galvanostat, Biologic model SP-200 (Bio-Logic SAS,
Grenoble, France). The three-electrode cell consisted of a SCE reference electrode (all
potentials are given in SCE scale), platinum wire as a counter electrode and working
electrode.

The working electrodes were as follows:

1. Glassy carbon electrode (GC) was the working electrode for cyclic voltammetry (CV)
measurements in PLSs, CoSO4 and NiSO4 model solutions, as well as in base solution.
The working electrode was mechanically polished consecutively on emery papers of
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the following grades: 280, 360, 800 and 1000, and then on polishing cloths (Buehler
Ltd., Lake Bluff, IL, USA) impregnated with alumina of 1, 0.3 and 0.05 µm grades;

2. For the examination of the electrochemical potentiostatic extracts from PLSs at differ-
ent pH, working electrodes were the alloys deposited onto polished GC;

3. To model the electrochemical dissolution by LSV, working electrodes were Ni–, Co–,
Fe–, Ni–Co and Ni–Co–Fe alloys deposited on GC from the model solutions. Before
each electrodeposition, the GC surface was mechanically polished with a polishing
cloth (Buehler Ltd., Lake Bluff, IL, USA) impregnated with a water suspension of alu-
mina powder (0.05 µm grade). Characterization of alloy composition was performed
by alloy electrochemical dynamic dissolution using a linear sweep voltammetry (LSV)
technique.

CV measurements were performed in the native PLS (pH 0.5) as well as in NaOH-
treated PLSs at pH 3.7 and 5.3. Both NiSO4 and CoSO4 model solutions were also subjected
to the CV measurements. Anodic CV branches were recorded upon hold at the cathodic
potential limit for 2 min. In order to check the hydrogen evolution reaction’s (HER)
contribution to the CV currents in leachates, the base solution was also subjected to CV
measurements. All CV measurements were conducted at 25.0 ◦C at a sweep rate of 10 mV
s−1. The metal deposition was carried out potentiostatically at −0.9 V for 60 min, at
1000 rpm under N2 bubbling. Obtained deposits were electrochemically checked using
linear sweep voltammetry (LSV). LSV measurements were conducted in a phosphate buffer
solution (pH 7.2) with an anodic sweep rate of 10 mV s−1 at 25 ◦C. A schematic overview
of the experimental procedure is shown in Figure 1.
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Figure 1. Schematic overview of the experimental procedure.

All electrochemical experiments were conducted in N2-saturated solutions.

3. Results and Discussion

Visual color changes were detected upon addition of the portions of 10 M NaOH.
Natively green PLS at pH 0.5 changed its color to orange-yellow at pH 1.3 and finally
reddish when pH 2.1 is reached. With an increasing volume of NaOH added, brownish
flakes occurred; stable solid brown precipitate was registered at pH 2.8. NaOH and H2O2
addition led to color changes at different pH values in comparison to the case without
H2O2 addition: orange-yellow color appeared at pH 1.5, red color at pH 2.7 and brown
color with solid precipitates at pH 4.9.

3.1. Conductometric Measurements

The intrinsic ionic transitions registered by conductometric measurements during
neutralization by NaOH are illustrated by Figures 1 and 2, which show the changes in
resistance and incremental resistance, respectively, with a volume of 10 M NaOH added.
Incremental resistance is gained as the first derivative of the curves from Figure 2.
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Figure 2 shows generally higher resistances of PLS and PLSox with respect to 1 M
H2SO4 as a leaching medium, since some portion of the acid was spent for dissolution of
lateritic ore. On the other hand, PLSox is of a bit lower resistance down the curve, which
indicates that addition of peroxide causes the oxidation of the ions to attain higher, and,
consequently, more conductive states. Up to pH 2.4, the resistance increases, whereas the
shape of the curves appears quite similar, with obvious changes in resistance increments
per volume of NaOH added. This enables the recognition of the three neutralization phases
(I–III), with mid phase II of the most pronounced incremental resistance change (Figure 3).
As presented in Figure 3, the three investigated solutions are of similar incremental resis-
tance changes in phases I–III. These phases are then to be recognized as neutralization
phases of the excess of acid as a leaching agent. The neutralization of the sulfuric acid ends
at around pH 7, indicated as a sudden change from increase to decrease in resistance. In
the cases of PLS and PLSox, this transition finally takes place above pH 10, since NaOH is
used for precipitation of ions in pH range 2.4–10 through phases IV–VI, as indicated in the
inset of Figure 2 in details.

Neutralization of the ions (phases IV–VI) appears much faster than that of the excess
of leaching agent because the incremental resistance in phases I–III is lower. In a narrow
pH range of 2.4–2.9, there is a unique and fast increase in resistance for PLS, followed
by resistance decrease (phase V), which is common for PLS and PLSox. The incremental
resistance decrease is much higher for PLSox. It could be that phase IV corresponds to
neutralization of lower oxidation states since it is hardly distinguishable in the case of
PLSox. Consequently, phase V could be related to the post-neutralization state, after
neutralizations of ions in higher oxidation states (the process is much faster for PLSox with
respect to PLS).
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According to conductometric considerations, it follows that precipitation of the main
ions in PLS is occurring when pH reaches ca. 2.4, with precipitations of Fe species as
the most abundant component. This is in accordance with the visual appearance of the
massive brownish precipitate and corresponding Pourbaix diagram for Fe, which reports
the transitions of metal ions to oxohydroxide ions (the change in PLS color from green
to orange-yellow was observed at pH below 2) and finally hematite, roughly in the pH
range of 1–5 in a rather acidic environment. According to Figure 2 and Pourbaix diagram,
precipitation of Fe species should end in the pH range 2.9–5, whereas the precipitation
of other ionic components should take place between pH 5 and 10 upon addition of
NaOH solution in volumes between 12.5 and 13 mL (Figure 2, inset—transition from
decrease to increase in resistance, phase VI). According to Pourbaix diagrams for Ni and
Co, precipitations of corresponding hydroxides/oxides should not start at pH below 6
and 9, respectively. In addition, Ni and Co ions in the solution are stable at the electrode
potentials negative to 0.5 VSVE. These considerations introduce a possibility to separate Fe
from Ni and Co by Fe precipitation in the pH range of 3–6 and, afterwards, electrochemical
extraction of Ni/Co. The extracts can be analyzed by electrochemical dissolution up to
0.5 VSVE, and even beyond, but with generation of the Ni/Co oxides/hydroxides in the
electrode–electrolyte interphase. Bearing in mind these findings, the pH values of PLS were
set for electrochemical investigations as reported in Table 2.

3.2. Basic Electrochemical Behavior of PLS

Cyclic voltammograms in native PLS (pH 0.5) and PLSs at pH 3.7 and 5.3 are shown
in Figure 4. Reversible Fe3+/Fe2+ redox transition dominates the CV response of PLS at
pH 0.5, 3.7 and 5.3 (Figure 4a,b), indicating the excess of 3+ state by higher currents of the
reduction peak at around −0.15 V with respect to the anodic counterpart at around 0.9 V.
On the other hand, the CVs of the NaOH treated solutions (Figure 4b) are of considerably
lower currents due to the removal of iron from the solution. The onset of Fe deposition and
a side reaction of hydrogen evolution (HER) in the solution of pH 3.7 take place at around
–0.8 V. The presence of the two weak anodic shoulders can be seen at around 0.0 and 0.2 V.
These shoulders are transferred to the peak at 0.0 V upon increase in pH to 3.7. A small
peak at the potential of 0.7 V indicates that there are still some traces of iron in the solution
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(Table 2). At pH 5.3, this peak shifted catholically to 0.56 V, while new reversible peaks at
around 0.9 V arose due to transitions in the Ni/Co oxides.
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Figure 5 shows cyclic voltammograms of NiSO4 and CoSO4 model solutions of dif-
ferent pH and concentrations (Table 2), compared to CV of base solution. Base solution of
pH 3.7 was prepared by setting the pH of 1.0 M H2SO4 with NaOH.
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v = 10 mV/s. The anodic branches are recorded upon hold at the cathodic limit for 2 min.

Although there was no pronounced hydrogen evolution even at pH 3.7 down to
−1.0 V (Figure 5, blue line), the nickel electrodeposition process depended considerably
on the pH value of the solution. It should be taken into account that slightly different Ni2+

and Co2+ concentrations at pH 3.7 and 5.3 solutions (Table 2) could also have an impact
on the electrodeposition processes. However, despite lower concentration at pH 5.3, both
NiSO4 and CoSO4 at pH 5.3 exhibited more intense anodic peaks compared to those in
pH 3.7 solutions. At lower pH, HER, as a side reaction, takes place in model solutions on
metal deposits in comparison to the base solution where HER takes place on GC. HER
thus spends considerable current, and consequently a lower amount of metal is being
deposited. This can be observed as the less intensive anodic oxidation/dissolution peaks.
In addition, due to more intense HER, i.e., profound H+ consumption, there is local pH
increase near the electrode surface. If the pH value is high enough, hydrolysis of the metal
ion as an additional reaction may occur that can lead to the precipitation of the metal
hydroxides. Consequently, different phases of a metal in a deposit may occur [15]. Unlike
Ni, Co electrodeposition process is less sensitive to pH due to rather low Co concentrations.

LSV curves of the deposits obtained potentiostatically at –0.9 V from PLSs and model
solutions are shown in Figures 5–8. Multiple peaks indicate multiple phases of the deposits
and/or subsequent processes in which dissolved metal ions participate.
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Ni- curves at different pH (Figure 7a) showed typical LSV behavior in phosphate buffer
with two main anodic peaks below 0.0 V assignable to Ni=⇒Ni2+ transition. The peaks at
more positive potentials appear suppressed at pH 5.3 due to formation of NiO/Ni(OH)2
film, [16,17]. The presence of Ni=⇒Ni2+ transition-related peaks in Ni-pH3.7 and Ni-pH5.3
LSV curves suggest that Ni was deposited in a metallic form at both pH values.

The shape of the Co-pH5.3 LSV curves indicates that cobalt was deposited in a mainly
metallic form at pH 5.3 (Figure 7b), with suppression of the peaks at more negative po-
tentials at lower pH. Namely, an anodic peak around −0.410 V, related to Co=⇒Co(OH)2
transition, occurred in Co-pH5.3 LSV response. Additional anodic peaks at −0.08 and
0.260 V correspond to Co(OH)2=⇒Co3O4 and Co3O4=⇒CoOOH transitions, respectively.
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Onset of CoOOH=⇒CoO2 transition can be seen at 0.9 V. On the other hand, surface of
a deposit obtained at pH 3.7 consisted mostly of Co3O4 due to a dominant peak around
0.3 V, representing the Co3O4=⇒CoOOH transition [18].

These differences in active/passive behavior of the surfaces of Co and Ni deposits
can be explained by different surface morphology due to different model solutions con-
centrations and pH. Owing to the different electrodeposition process (Figure 5), different
Ni and Co phases can be potentiostatically formed [19–21]. At lower pH, side HER may
have a larger impact on the morphology of metal deposition. An increase in pH value
near the electrode due to HER, i.e., H+ consumption, may lead to the precipitation of the
hydroxide [15].

Comparing the starting leachate of pH 0.5 with 111.61 mmol/L of Fe and the solution
of pH 5.3, where Fe content was negligible (Table 2.), the goal of Fe removal is reached, as
commented further in Figure 4. LSV–Ni–Co consisted of the two main peaks associated
to the Ni=⇒Ni2+ and Co=⇒Co2+ transitions. Like Ni–Co curves, Figure 8, the pH-5.3
PLS curve, Figure 6, consists of the two anodic peaks around −0.4 V. Furthermore, Ni–Co
and leachate curves consisted of a broad peak around 0 V, while the peak present in the
Ni-curve (Figure 7) was at −0.17 V. This anodic shifting can be assigned to the influence of
Co on the Ni–Co LSV curve, which causes the appearance of the broad peak between −0.2
and 0.2 V present in sole Co-curve (Figure 7b). Compared to the Ni–Co curve (Figure 8a),
LSV curve related to deposit obtained from Ni–Co–Fe model solution (Figure 8b) consisted
of mainly of a peak at around−0.4 V. A peak at 0 V, seen in LSV of both Ni–Co and leachate
at pH 3.7 and pH 5.3, is not evident. It seems that the presence of a small amount of Fe can
contribute to the suppression of the abovementioned peak (Figure 8).

The shape of the leachate and Ni–Co curves (Figures 6 and 8) resembles the shape of
both Ni and Co-pH 5.3 curves (Figures 7 and 8), suggesting that Ni–Co dominates leachate
deposit composition. A peak at around −0.4 V, related to M=⇒M2+ transition, is present
in all of these curves except the PLS-pH3.7 curve. Peaks present in PLS-pH3.7 curve at 0
and 0.2 V correspond to the peaks registered in Ni-pH3.7 and both Co and Ni–Co curves
(Figure 8a).

Both Fe-pH5.3 and Fe-pH3.7 (Figure 9) curves contain the peaks related to transitions
of different hydroxide forms, indicating that deposits are in the state of the hydroxide
rather than metallic Fe [22]. LSV–Fe curves for both Fe-pH5.3 and Fe-pH3.7 (Figure 9)
exhibit peaks at 0.0 and 0.2 V which are suppressed at LSV–Ni–Co–Fe curves.
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Figure 9. LSV curves in phosphate buffer solution (pH 7.2, 25◦C) of deposits obtained after CAs at
−900 mV in FeSO4.

LSV results are in accordance with Table 2, which shows that Fe was removed from the
leachate at the pH 5.3. However, although Fe was almost completely removed, its presence
slightly influenced the peaks at the Ni–Co–Fe LSV curve (Figure 7). The LSV curve related
to the deposit obtained from leachate at this pH value is in good agreement with the curve
of the corresponding Ni–Co model deposit. Fe ion removal is a precondition in the Ni
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and Co extraction process from leaching solution, since the presence of Fe is detrimental
in those ions’ extraction process from PLS. Extracted Ni and Co, i.e., electrodeposited in
metallic form, can be valorized from lateritic ore leaching solution.

4. Conclusions

There is a possibility to separate Fe from Ni and Co in leachates of lateric ores by Fe
precipitation in the pH range 3–6, and afterwards to electrochemically extract Ni/Co. The
extracts can be subjected to electrochemical dissolution up to 0.5 VSVE, and even further
with generation of the Ni/Co oxides/hydroxides in the electrode–electrolyte interphase.

Reversible Fe3+/Fe2+ redox transition dominates the CV response of native PLS at
pH 0.5, indicating the excess of the 3+ state by higher currents of a reduction CV peak. On
the other hand, the CVs of the NaOH-treated leaching solutions are of considerably lower
currents, indicating a removal of Fe from the solution. The onset of Fe deposition and a
side HER in solution with pH 3.7 takes place at around –0.8 V.

Fe was almost successfully removed from the leachate at the pH 5.3. The LSV curve
related to the deposit obtained from leachate at this pH value is in good agreement with
the curve of the corresponding Ni–Co model deposit.

The presence of Ni=⇒Ni2+ transition related peaks in Ni-pH3.7 and Ni-pH5.3 LSV
curves suggests that Ni was deposited in a metallic form at both pH values.

The shape of the Co-pH5.3 LSV curves indicates that cobalt was deposited in a mainly
metallic form only at pH 5.3 (Figure 7b). Namely, the anodic peak around −0.410 V, related
to Co=⇒Co(OH)2 transition, occurred at Co-pH5.3 LSV response.
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