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Cobalt is a high-value base metal that is found in small concentrations associated with
copper and nickel ores. It is most commonly produced by precipitating a hydroxide that
is sold for further processing at cobalt refineries. Cobalt has a more negative reduction
potential compared with both copper and nickel and must therefore be purified of these
elements before high-quality electrowinning can take place. This study aimed to assist in
designing a direct cobalt electrowinning process from dilute sulphate copper or nickel
leach liquors containing impurities. Polarisation experiments were performed on a
synthetic electrolyte containing 3.5 g/L cobalt and impurity amounts of nickel, zinc,
magnesium and manganese. The pH was varied between 2 and 4 to investigate the effect
that pH has on cobalt electrowinning. Zinc caused internal stresses that caused the
deposit to peel from the substrate to a larger degree than any other impurity tested.
Magnesium in solution increased current density, but encouraged formation of a
powdery, cobalt-rich basic sulphide at the cathode. Nickel co-deposited and
contaminated the product, but no significant effect was seen on polarisation behaviour.
Sludge formation at the anode, due to manganese, is discussed and shown to be
detrimental to cobalt plating. With increasing cathodic overpotential, low pH favoured
an increase in current density due to the increasing rate of parasitic hydrogen evolution.

INTRODUCTION

Cobalt is a high-value base metal that has applications as an alloying element in high performance
steel and is also a positive electrode component of rechargeable batteries. Despite its high value and
the meteoric rise in cobalt prices in 2017, it is not typically the primary product of any commercial
process, due to its relatively low concentration in the Earth’s crust (20-25 mg/kg) compared with
copper (70-100 mg/kg) and nickel (100-200 mg/kg) (Fleischer, 1953). Approximately 55% of the
global terrestrial cobalt reserves are located in the Central African Copperbelt that stretches over the
south-east region of the Democratic Republic of Congo (DRC) and the northern region of Zambia (De
Putter et al., 2011).

Despite the large amounts of cobalt present in the area, investment appetite stays low due to unstable
policy environments, infrastructure shortcomings and high operational costs, among others. Cobalt is
currently more commonly produced by precipitation to a mixed hydroxide (MHP) or carbonate
product that is sold to cobalt refineries, partly due to high electricity costs. However, this process
route includes the transportation of a relatively low-value, high-volume product and a smaller benefit
to the local economy. Direct electrowinning from a copper or nickel electrolyte is a competing process
that produces a higher-value, lower-volume product, but inherently consumes more electrical energy.
This work aimed to evaluate the feasibility of direct cobalt electrowinning from dilute and impure
sulphate solutions as a competing process to MHP precipitation.
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Figure 1 shows a typical copper leach-solvent extraction-electrowinning flowsheet. The lines in red
indicate the target application for such a cobalt direct electrowinning process. The solvent extraction
raffinate bleed stream will typically contain very low copper concentrations, relatively high impurity
concentrations and almost all cobalt leached from the ore.
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Figure 1: Present study target electrolyte.
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Characterising the electrochemical behaviour of cobalt in the presence of different impurities and at
various pH values will allow for valuable process recommendations to be made for the possible
expansion of existing copper/nickel plants. Mulaudzi and Kotze (2013) investigated the feasibility of
such a direct cobalt electrowinning process on laboratory- and pilot-plant scale, focused on the
galvanostatic testing of electrolytes and analysis of the economic implications. The potentiodynamic
tests performed in this investigation aimed to supplement the work of Mulaudzi and Kotze (2013)
with electrochemical data.

BACKGROUND

Thermodynamics
The main cathodic and anodic reactions of cobalt electrowinning are given by Equations 1 to 3, where
the standard reversible potentials (E) are given relative to the standard hydrogen electrode (SHE).

Cathodic Co?*(aq +2e~ — Coyy (-0.28 V) [1]
2H* (aq) + 2™ — Hag) 0.0V) [2]
Anodic 2HoOq) — 4H*(aq) + Ong) + 4e” (1.23V) [3]

The reversible standard reduction potential of cobalt is significantly more negative than that of
hydrogen reduction, and hydrogen reduction is therefore the thermodynamically favoured reaction.
The practical implication of this is that during cobalt electrowinning, hydrogen gas evolution is a
significant parasitic reaction. Indeed, the reduction potential of a metal affects the ease with which a
pure product can be obtained from electrowinning, and the amount of electricity required per unit
mass of product. A more negative reduction potential relates to a less spontaneous reaction, according
to Eq. 4, which gives the minimum standard cell potential necessary for electrowinning. In the specific
case of cobalt, the minimum required standard cell potential is approximately 1.5 V.

Ecell = Eanodic = Ecathodic [4]

The minimum cell potential must be exceeded to effect significant metal production rate because it is
the potential at which the reduction and oxidation reactions of cobalt have the same rate. The cathodic
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reaction must therefore take place at an overpotential, i.e., the amount of potential in excess of the
minimum cathodic potential. The voltage applied must also overcome some resistances to current
flow present in the cell, such as electrode polarisation resistance and electrolyte resistance. It logically
follows that a more conductive electrolyte will reduce the required voltage for a desired current
density. Electrolyte composition significantly affects electrowinning performance, and the influence of
pH can be seen in the Eh-pH (Pourbaix) diagram in Figure 2. The upper dashed line represents the
anodic water reaction, as given in Eq. 3. The minimum required cell potential at pH 0 is graphically
shown by the red arrow, representing the scalar difference in potential between the anodic and
cathodic reactions. At pH 5, the minimum required potential is given by the blue arrow and is
significantly lower than at pH 0. It is not the cobalt reduction reaction that is pH dependent, but the
anodic water reaction given by Eq. 3. This is because, at a higher pH, the hydrogen ion concentration
is lower, and according to the principle of Le Chatelier, the equilibrium of the reaction given by Eq. 3
will be shifted in the forward direction, thereby decreasing the required voltage to drive the reaction.
From a thermodynamic point of view, it would be preferable to run any cobalt electrowinning process
at the highest possible pH without risking the formation of a cobalt hydroxide or a basic cobalt
sulphate. Acid production at the anode has led to the use of divided cells in some instances, in an
effort to prevent the catholyte pH from dropping. Cobalt’s unique characteristic of peeling from the
cathode due to a build-up of internal stresses has resulted in torn cathode bags, which encouraged
thought into the use of anode bags. The process route considered by this study is based on undivided
cell configuration.
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Figure 2: Cobalt Pourbaix diagram (0.01 M Co, 298 K).
Diagram drawn using STABCAL software, NBS database.

Kinetics
Kinetics refer to the relative rate at which a reaction will proceed and cannot be predicted from
thermodynamic favourability. All relevant cathodic reactions will happen via three discernible steps
in series, namely:

1. transport of cations from the bulk solution to the cathode via diffusion and/or convection
through a mass transport boundary layer governed by a concentration gradient;
adsorption to the cathode surface;
reduction via some mechanism of electron transfer.

2.
3.

Per definition, electrochemical reactions include the flow of charge in a circuit. Coulombic current
flows across the electrode surfaces as a result of the applied cell voltage but reaches a limiting current
density due to the achievement of maximum mass transfer of ions to the reaction interface. This
limiting current density is given by Equation 5:
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ir= DnFCy/5, (5]

where iL is the limiting current density (A/m?), D is the diffusion coefficient (m?/s), n is the number of
electrons transferred (mol), F is Faraday’s constant (C/mol), Cy is the bulk concentration of the cation
in solution (mol/m?3) and 0 is the boundary layer thickness (m). In this study, the boundary layer
thickness is disrupted through stirring created by the evolution of hydrogen gas. Diffusion constants
differ for each unique electrolyte and pH but do not fall within the scope of this investigation.

Known Effects of Impurities

This investigation focused on the effect of five operational parameters on the polarisation behaviour of
cobalt. Common plant impurities nickel, zinc, magnesium and manganese in solution were tested for
and a variation in pH was also investigated.

Owing to the relatively low concentration of nickel in solution, nickel is not expected to have a
significant influence on the current response of the electrochemical cell but is expected to co-deposit
and contaminate the product. Nickel has a reversible standard reduction potential that is only around
20 mV more positive than that of cobalt and they have similar physical and chemical properties. It has
been found that the nickel/cobalt ratio in the deposit is up to five times lower than the same ratio in
solution, which indicates that nickel is surprisingly inactive in solution (Kongolo ef al., 2005).

Magnesium is not expected to have any significant electrochemical or other influence on the
deposition of cobalt. The reduction potential of magnesium is much more negative than cobalt at —2.38
V. It is least likely to co-deposit with cobalt of all impurities tested for in this study. Magnesium might
assist in making the electrolyte more conductive and lowering the required voltage to achieve a
certain current density according to Ohm’s law.

Manganese is known to form anode sludge rich in MnO> on the surface of the counter electrode. Many
electrowinning cells utilise lead alloy anodes, which often dissolve and contaminate the product and
increase costs by requiring frequent replacement. If present in low enough concentrations, manganese
can prevent the degradation of anodes by forming a protective layer on the surface. Manganese
oxidation has a similar potential to water oxidation at approximately 1.23 V. This means that any
manganese in solution will create a second anodic reaction, which might reduce the anodic
overpotential by the formation of a sludge layer with a higher specific surface area.

Zinc has displayed unexpected behaviour in the past by co-depositing on the cathode, despite its more
negative reduction potential compared with cobalt. Zinc reduces at a minimum standard potential of
-0.76 V vs SHE and should therefore not reduce at the cathode, but this has been observed repeatedly.
More than one explanation has been proposed for this phenomenon. Pradhan et al. (1997) suggested
that a local increase in pH at the cathode favours the formation of a zinc hydroxide layer that inhibits
cobalt reduction, as well as favouring zinc reduction from the adsorbed hydroxide phase. Other
researchers have suggested that the significantly higher hydrogen evolution overpotential on zinc
influences the likelihood of zinc preferentially and anomalously depositing at the cathode.

Solution acidity is expected to have an important effect on the electrodeposition of cobalt. At low pH,
electrolyte conductivity should be high, but parasitic hydrogen evolution is expected to increase,
which would consequently decrease current efficiency. At a high pH, thermodynamics are more
favourable, but the risk of unwanted hydroxide formation is increased, as well as a decrease in
electrolyte conductivity. Sharma et al. (2005) showed that cobalt electrowinning current efficiencies are
highest when a pH of 3-4 is maintained, but the study was concerned only with electrowinning from
solutions with cobalt concentrations in excess of 40 g/L. Nevertheless, a similar result is expected due
to reasons discussed above.
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EXPERIMENTAL

Half-cycle potentiodynamic polarisation experiments were performed on synthetic electrolytes
containing 3.5 g/L cobalt, representing a dilute solution that has undergone copper solvent extraction.
The test electrolytes were then dosed with impurities in the form of metal sulphate hydrates and
acidified with additions of concentrated sulphuric acid. The impurity ranges tested for in this
investigation compared with those used in the work of Mulaudzi and Kotze (2013) are shown in Table
I and their values were obtained from simulation of a base case copper solvent
extraction/ electrowinning flowsheet targeting an electrolyte of similar composition.

Table I: Electrolyte composition and pH.

Metal Study concentration (g/L) (Muli Z?g?;goﬁééé ?;013)
Co?* 3.5 3.5
Mg?2+ 1-10 1.6-12
Mn2?* 0.2-2 0.2
Ni2+ 0.1-0.2 0.04-0.19
Zn?* 0.2-1 0.01-0.03
SO42~ 10-70 N/A
pH 2-4 3

A double-walled Perspex cell with a capacity of 500 mL was used for the experiments and the
temperature was held constant at 50°C using a water bath circulating hot water through the double
wall of the cell and measured with a mercury thermometer. The anode was a carbon rod with large
area compared with the cathode, which was polished stainless steel with a surface area of 4 cm2. A
Luggin capillary was used to measure the potential close to the surface of the cathode and was held 2
mm away from the cathode surface. A room temperature Ag-AgCl reference electrode, with a stable
reference potential of 0.198 V vs SHE, was used and connected via a salt bridge (3 M KCI) to the
Luggin tube, which was held close to the cathode.

Experiments were carried out using a Solartron potentiostat that scanned potential in the negative
direction at a scan rate of 1.5 mV/s. The current response was captured and plotted on a log current
density versus voltage curve. The deposits were examined under a scanning electron microscope
(SEM) equipped with an energy-dispersive spectrometer (EDS) to observe the deposit morphology
and composition. Three experiments were done with each electrolyte with a certain impurity
concentration, only decreasing the pH with additions of sulphuric acid. Calculations indicated that
bulk cobalt concentration should not have changed by more than 1% during the three consecutive
experiments and the change in pH, due to both the cathodic and anodic hydrogen-dependent
reactions, was negligible. The solution remained unstirred but local hydrogen gas evolution at the
cathode gave rise to an unsteady mass transfer boundary layer.

RESULTS AND DISCUSSION

Effect of Nickel

Nickel was not observed to have any noteworthy effect on the polarisation curves. This result was
expected. Even though the deposit was the product of a range of current densities, nickel present in
the solution did not prevent an adhesive, dense and uniform deposit from forming. Figure 3 shows
three curves, each representing an electrolyte with a different nickel content.
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Figure 3: Effect of nickel on the polarisation diagram of cobalt (pH 2, 323 K, 3.5 g/LCo).

Two cobalt deposits formed at pH 2 in the presence of nickel were selected and analysed by SEM-
EDS. The results are provided in Table II. The ratio of Co:Ni on the deposit was a factor of 2 times
higher than that in the solution at a concentration of 0.1 g/L Ni, but was the approximately the same
at a nickel concentration of 0.2 g/L. This nevertheless pointed to a lower-than-expected activity of
nickel in solution, despite its slightly more favourable reduction potential.

Table 11: Deposit compositions in the presence of nickel at pH 2.

[Ni] (g/L) Co (%) Ni (%) S (%) (nglfi Co:Ni (deposit)
0.1 97.3 14 1.3 35.0 69.5
0.2 94.9 46 0.5 175 20.6
Effect of Zinc

As mentioned previously, zinc was not expected to deposit alongside cobalt on the cathode, owing to
its more negative reduction potential. Despite this expectation, it has been found that zinc most
significantly affects the deposition of cobalt by anomalous deposition, as well as inducing internal
stress in the metal cathode (Jeffrey et al., 2000). As seen in Table III, zinc did indeed co-reduce and
contaminate the cathode product. The zinc hydroxide precipitation hypothesis was endorsed by the
observation that zinc content in the deposit increased with an increase in pH.

Table 11I: Deposit compositions in the presence of zinc at pH 2 and 3.

pH [Zn] (g/L) Zn (%) Co (%) 5 (%)
2 0.2 3.9 95.2 0.9
3 0.2 7.6 92.3 0.2
3 1 17.5 81.6 0.8

In addition to the contamination of the product, all deposits made in the presence of zinc were of poor
quality. Observations made at very low current densities confirmed that zinc caused an amplification
in internal stress of the deposit. Even at the lowest zinc concentration and the lowest pH tested, the
deposit was unusable and significant flaking was seen, shown in Figure 4.

No significant conclusions could be drawn from the polarisation diagrams recorded for solutions

containing zinc. Zinc did not appear to have a significant effect on the current response of the applied
voltage at any pH values.
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Figure 4: Deposit morphology in the presence of zinc at 0.2 g/L and pH 2.

Effect of Magnesium

Polarisation curves showed almost no response to a change in magnesium concentration in solution
from 1 g/L to 5 g/L at voltages more negative than around —-0.6 V. When magnesium concentration
was increased to 10 g/L, current density increased significantly for a pH of 2. This pH was selected as
a common solvent extraction raffinate acidity level. At a cathodic overpotential of approximately —0.5
V, the current density recorded for a solution containing 10 g/L Mg was approximately 200 A/m?,
while the current densities for both lower magnesium concentrations were approximately half this.
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Figqure 5: Effect of magnesium on the polarisation diagram of cobalt (pH 2, 323 K, 3.5 g/L Co).

At higher magnesium concentrations and with an increase in pH, deposit quality also deteriorated.
Flakes began to form and a blue-coloured phase appeared on the surface of the deposit. This
phenomenon was observed at the lowest pH tested for as well, possibly due to an increase in current
density. This blue phase was hypothesised to be a cobalt-rich hydroxide. As the current densities
increased, the local increase in pH was enhanced and favoured the formation of a hydroxide phase.
Subsequent SEM analysis revealed the chemical composition of the blue phase, as shown in Table IV:
Phase compositions of deposits in the presence of magnesium.
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Table 1V: Phase compositions of deposits in the presence of magnesium.

Site analysed Co (%) O (%) S (%) Mg (%)
Blue Phase 38.4 46.2 6.9 8.6
Metal 97.9 1.7 0.3 0.3

The compositional results favoured the hypothesis that the blue phase seen in Figure 6 was indeed a
cobalt-rich hydroxide, even though SEM cannot analyse for hydrogen content. It is interesting to note
that magnesium content is also higher in the precipitate on the surface, indicating either entrapment at
higher current densities or a small amount of magnesium hydroxide also forming. The latter is
unlikely, because magnesium hydroxide only forms at pH values of around 10.

Figqure 6: Deposit morphology in the presence of magnesium at 10 g/L and pH 2.

Effect of Manganese

It has been found that cobalt electrowinning requires a minimum manganese concentration in solution
of around 2 g/L to minimise the anodic oxidation of cobalt(ll) to cobalt(Ill) (Feather et al., 1999).
Manganese in solution was found to oxidise at the anode to form an anode sludge that settled to the
bottom of the cell after falling from the anode during this study. At the bottom of the manganese
concentration range tested (0.2 g/L) it was repeatedly observed that almost no cobalt deposition
occurred. The effect on the cathodic reaction was not expected, because anode sludge formation is a
common phenomenon in electrowinning from solutions containing manganese. Metal deposition on
the cathode is not typically inhibited by manganese to the degree seen in this test work. When using a
lead or lead alloy anode, a certain amount of manganese in solution is beneficial, protecting the anode
from dissolving and contaminating the metal product with lead by forming a protective Mn(Il) or
Mn(IV) oxide layer.

As seen in Figure 7, the anode sludge layer cracked and separated from the surface of the anode.
Anode sludge compositions are listed in Table V.

Table V: Anode sludge layer composition.
Co (%) Mn (%) O (%) S (%)
14.4 34.2 41.2 10.3

At all higher manganese concentrations, deposition of cobalt appeared to proceed relatively
uninhibited. Owing to the unexpected results and no apparent explanation from literature, the effect
of low manganese concentrations in solution on cobalt deposition warrants further investigation. It is
clear from Table V that some cobalt is indeed lost due to the formation of an anode sludge, and it is
therefore recommended that manganese in solution be optimised depending on the anode material
used.
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Effect of pH

pH was expected to have a significant effect on the electrowinning of cobalt, as it has a substantial
effect on both the thermodynamics and kinetics of the associated reactions. An electrolyte containing
no impurity additions and with a cobalt concentration of 3.5 g/L was tested at a pH of 2 and 4. Figure
8 shows that cobalt electrowinning current efficiencies are favoured at either a pH of 2 and below, or
higher than 4. This observation has also been made by Louis et al. (1988), who recommended a cobalt
electrowinning cell be run at a pH of 1.5-2. Although current densities might be higher at lower pH
values, current efficiency will decrease due to the increasing favourability of the parasitic hydrogen
evolution at the cathode. A higher pH will, in contrast, increase thermodynamic favourability but
decrease electrolyte conductivity and increase the risk of hydroxide formation.
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Figqure 8: Effect of pH on the polarisation behaviour of cobalt (323 K, 3.5 g/L Co).

ECONOMICS

This paper does not aim to provide an in-depth discussion on the economic feasibility of a direct
cobalt electrowinning process. Mulaudzi and Kotze (2013) performed a high-level economic analysis,
in which it was found that an increase in revenue of up to 65% could be achieved by substituting a
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MHP process with a direct cobalt electrowinning process. A decrease in operating costs of around 20%
was due to the absence of reagents such as lime or magnesia required to precipitate the product, and
the decrease in transportation costs involved in transporting a relatively impure product.

In the period spanning from the beginning of 2017 to the beginning of 2018, the price of cobalt has
more than doubled in value to around USD 75 000/t. All other costs being equal, an increase in
revenue of more than 120% can be expected with the current cobalt price, which makes a direct cobalt
electrowinning process enormously attractive. Cobalt demand is not estimated to decrease due to the
increasing incentive towards electric vehicles and high quality rechargeable batteries.

Another consideration is that a direct cobalt electrowinning process will require significantly more
electrical energy than a MHP process, at around 10 kWh/kg cobalt, at a current density and current
efficiency of 175 A/m? and 34%, respectively (Mulaudzi and Kotze, 2013). Although electricity is still
relatively cheap in the DRC and Zambia, there is a distinct supply deficit and the price of electricity is
set to increase in the future.

CONCLUSIONS AND RECOMMENDATIONS

It has been confirmed that cobalt can be electrowon to an appreciable quality (>90%) in the presence of
common plant impurities when present in only dilute concentrations. This process will therefore not
produce LME cobalt, but will also not require expensive cobalt solvent extraction and purification
steps. It has been found that if any impurity is to be removed, it would be zinc that causes an unusable
deposit to form even if present in small concentrations. Nickel poses no threat to the deposit quality
but only the purity, which can be justified if the process costs remain low. Magnesium present in
solution should not exceed 5 g/L, and unfavourable effects can be mediated with a lower pH.
Manganese forms anode sludge at high concentrations, but a coherent and adhesive anode layer that
might hinder current flow from anode to cathode. Polarisation diagrams generated during this study
show that pH should be held either relatively low (< 2) or high (> 4) for optimal current densities, but
each will bring forth process challenges. At low pH, current efficiencies will decrease, but at high pH,
there is a risk for the formation of unwanted hydroxide formation and a less conductive electrolyte.

A small additional plant treating a stripped bleed stream from copper or nickel electrowinning could
increase profits of an existing project. Producing cobalt metal to an appreciable purity will have to be
offset against increased electricity consumption, a more complex process and increased management.
The polarisation diagrams presented in this paper are the culmination of more than one reaction and
are influenced by a number of parameters, but there is justification to investigate further. It is
recommended that more detailed economic analysis be done in order to determine the feasibility of
such a process.
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