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Abstract The close proximity of cobalt and nickel on the Periodic Table and their
frequent occurrence together in nature means that their separation in primary
hydrometallurgical flowsheets is not only often necessary, but requires the use of
innovative chemistry to achieve high selectivity. Today, increasingly stringent
demands for the high-purity cobalt and nickel salts required for battery applications
in consumer electronics, electric vehicles, and solar applications are again chal-
lenging the state of the art. The evolution of cobalt–nickel separations is traced from
the basic precipitation technologies employed in 1960s, through commissioning of
the first cobalt solvent-extraction plant in South Africa in 1974, to the commer-
cialisation of organophosphinic-acid extractants (which provided a step-change
improvement in selectivity) and their eventual widespread use in the 1980s and
’90s. This was followed later by their sulphur analogue, which enabled different
possibilities for laterite processing in the new millennium. Separations in chloride
media, which take advantage of the different speciation chemistries, and nickel
extraction by oximes in ammoniacal systems are also discussed. More recently,
chelating and solvent-impregnated resins have added further dimensions to the
possibilities for flowsheet design and enabled higher purity products to be attained
from both primary and secondary sources. Selected case studies and flowsheets are
described.
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Introduction

The close proximity of cobalt and nickel on the Periodic Table and their frequent
occurrence together in nature means that their separation in primary hydrometal-
lurgical flowsheets is often necessary. Cobalt very seldom occurs as a unique
mineral in nature: some 55% of the world’s cobalt is found in close association with
nickel in lateritic ores [1]; a further 43% is found with copper in the deposits of the
central African Copperbelt, mainly in Democratic Republic of Congo [1, 2]. The
very similar aqueous chemistry of cobalt and nickel means that their separation can
be challenging [3, 4]. Today, the global trend towards the use of electric vehicles,
coupled with continuing growth in consumer electronic devices, has led to a sharp
increase in demand for their associated lithium-ion batteries (most formulations of
which contain cobalt) [2] and unprecedented prices for cobalt [5]. The nickel
industry is still suffering some aftereffects of the perhaps premature euphoria of the
late 1990s, but demands for battery-grade materials are receiving increasing
prominence. Purity specifications for nickel and cobalt salts and metals for these
batteries and other advanced materials applications are becoming increasingly
stringent, which is resulting in scrutiny and revisiting of both old and new che-
mistries and flowsheets.

This review traces the evolution of cobalt–nickel hydrometallurgical separations
over the last fifty years and the development of innovative chemistries to achieve
the separations needed to meet the purity requirements demanded by modern
technology. Exploiting chemical differences between cobalt and nickel under par-
ticular conditions has enabled a wide variety of strategies and reagents for their
separation by solvent extraction (SX) and ion exchange (IX) to be developed. These
include differences in speciation between cobalt and nickel in some media, in their
coordination chemistry in the presence of certain ligands, in their relative kinetics of
complexation, and in redox behaviour and solubility. Some of the flowsheets dis-
cussed demonstrate the evolution of both complexity and simplicity, depending on
the best-practice chemistry available at the time of development. Several of these
flowsheets still operate satisfactorily today, despite the availability of improved
reagents and equipment, illustrating the robustness of the original chemistry and
engineering.

Cobalt–Nickel Separation by Precipitation

Prior to the development of SX extractants, the only options for cobalt–nickel
separation were based on precipitation, using either non-oxidising chemistry or
processes that took advantage of the respective redox characteristics. An excellent
review of these processes has been provided by Flett [3]. Today, one or more
precipitation step forms part of many cobalt–nickel flowsheets, but is seldom used
for their separation.
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Cobalt and nickel can be precipitated from aqueous solution as sulphides,
usually using H2S. Although the solubility product of cobalt sulphide (3 × 10−26)
is lower than that of nickel sulphide (1.4 × 10−24) [6], it is too difficult to achieve a
clean separation in practice. A low Co:Ni ratio gives considerable cross-
contamination of the cobalt product and the resulting cake requires subsequent
refining. In contrast, where the Ni concentration in solution is high compared with
that of cobalt, fairly good purity can be achieved [3]. Bulk sulphide precipitation
has been used since the early nickel laterite projects and mixed sulphide product
(MSP) routes are still being installed today [7]. The pregnant leach solution (PLS)
(after removal of iron and aluminium) is treated with H2S at 80–120 °C and a
partial pressure of H2S of 200–1000 kPa [7]. A bulk Co–Ni sulphide concentrate is
produced as an intermediate and then redissolved for further refining [8]. Recovery
of cobalt and nickel to the precipitate is typically about 99%. An advantage of
sulphide precipitation is that many of the impurities present in the leach liquor
(particularly calcium, magnesium, aluminium, and manganese [9]) do not precip-
itate under these conditions, but the process requires the use of hazardous reagents
under pressure and expensive materials of construction [10].

The sulphide precipitate can be releached in sulphuric acid (as, for example, at
Murrin Murrin (Australia) [8, 11] and Ambatovy (Madagascar) [12, 13]), in
chlorine (such as at Niihama (Japan) [14] or Nikkelverk (Norway) [15]), or in
ammonia (such as in the Sherritt process (Canada) [8]). Sulphide mattes produced
by a nickel smelting and converting process or flotation concentrates can be sim-
ilarly treated. Downstream processing routes for the SX separation of cobalt and
nickel in these media are discussed in the following section.

Cobalt and nickel can also be precipitated as hydroxides. Magnesia (MgO) is
usually employed as the precipitant, although lime (Ca(OH)2) can be used. The
solubility products of Co(OH)2 (1 × 10−15) and Ni(OH)2 (2 × 10−15) are very
similar [6], so a mixed hydroxide product (MHP) is produced. There is no selec-
tivity for nickel and cobalt over iron, chromium, aluminium, copper, or zinc, limited
selectivity over manganese, and good selectivity only against magnesium, calcium,
and sodium, but about 90% Ni and Co recovery can be achieved [16]. The product
also contains 35–45% moisture.

Bulk MHP intermediates are currently produced at Gordes (Turkey) [17], Ramu
(Papua New Guinea) [18], and Vale New Caledonia [7, 11], and were included in
the flowsheets of Cawse [19] and Ravensthorpe Nickel (Australia) [20] (now
closed).

The advantages of a sulphide over hydroxide precipitate are the better selectivity
and therefore lower levels of impurities of the former and its lower contained
moisture content, which makes it more economic to transport [7]. Today, the rel-
ative complexity of the downstream purification routes and depressed nickel prices
have led to many operations no longer undertaking refining to separate cobalt and
nickel products, preferring to outsource the toll-treatment of a mixed sulphide or
hydroxide intermediate product.
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Cobalt–Nickel Separation by Solvent Extraction

First Commercial Solvent-Extraction Separation of Nickel
and Cobalt

The first cobalt SX plant was commissioned in 1974 at (then) Matthey Rustenburg
Refiners in South Africa (now Rustenburg Base Metals Refiners) and is still
operating today using the original equipment and design parameters [21]. This unit
operation is the final purification step in the production of cobalt sulphate: the
downstream crystallisation step offers no further selectivity for impurity removal.
Electrolytically prepared Ni(OH)3 is first used to precipitate cobalt from a nickel
stream, based on differences in their redox potentials:

Ni OHð Þ3 +Co2+ →Ni2+ +Co OHð Þ3. ð1Þ

The cobaltic hydroxide cake thus prepared contains considerable nickel and is
redissolved in sulphuric acid for further processing. The only commercially
available SX extractant for Co–Ni separation at the time was di(2-ethylhexyl)-
phosphoric acid (D2EHPA) [22, 23]. The sequence of selectivity of extraction by
D2EHPA for base-metal cations is shown in Fig. 1 [24].

Selective extraction of cobalt over nickel by D2EHPA is possible for the
following reasons [25–27]:

• although both cobalt and nickel form hexa-aqua divalent cations, M(H2O)6
2+, in

sulphate media, formation of the tetrahedrally coordinated cobalt species is more
favourable in the organic phase than the octahedrally coordinated nickel species;

• the cobalt–D2EHPA complex is hydrophobic, facilitating its transfer to the
organic phase, while the nickel complex can contain one or two water molecules
in its inner coordination sphere and is therefore more hydrophilic.

Fig. 1 Order of selectivity of extraction of base metal cations by di(2-ethylhexyl)phosphoric acid
(D2EHPA)
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This is shown by Eqs. 2 and 3 and Fig. 2, where the extractant is represented in
dimeric form as H2A2 [25]:

Co2+ + 2H2A2 →CoA2 ⋅H2A2 + 2H+ ; ð2Þ

Ni2+ + 3H2A2 +H2O→NiA2 ⋅H2A2 ⋅H2O+2H+ . ð3Þ

As shown in Fig. 1, the ΔpH between Co and Ni is only ∼1 pH unit, so a very
large number of stages is required to achieve good separation. At the Rustenburg
plant (Fig. 3), seven stages of extraction are followed by six stages of scrubbing
with diluted cobalt loaded strip liquor (LSL) to remove any co-extracted nickel.
Cobalt is then stripped from the loaded organic phase in three stages using 100 g/L
H2SO4 to give the product LSL, following which any co-extracted manganese,
calcium, or magnesium are removed in a strong acid strip (∼200 g/L H2SO4).
The stripped organic is partially saponified using NaOH to minimise the pH control
requirements in the extraction circuit. The protons released from the extractant
during extraction (Eq. [2]) need to be neutralised to ensure that an appropriate pH is
maintained throughout the aqueous phases of the extraction circuit to achieve
quantitative extraction of cobalt (see Fig. 1). Typical performance is indicated by
the data in Table 1.

It is notable that the first reports of oxidative degradation of aromatic compo-
nents of the diluent by trace amounts of Co(III) present in the feed liquor originated
from this plant [28, 29]. The organic formulation now contains a sacrificial

Fig. 2 Schematic of tetrahedral coordination of Co(II) and octahedral coordination of Ni(II) by
di-(2-ethylhexyl)phosphoric acid (D2EHPA), represented in dimeric form as H2A2

Fig. 3 Nineteen-stage 1974 solvent-extraction flowsheet for the separation of cobalt from nickel
at Rustenburg Base Metals Refiners using di(2-ethylhexyl)phosphoric acid (D2EHPA)
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anti-oxidant, t-butylhydroxytoluene, which is oxidised in preference to the diluent.
Modern cobalt SX plants typically employ aliphatic diluents to minimise this
problem. A phase modifier, tri-n-butylphosphate (TBP), is also employed to assist
the slow phase separation of this system.

Second-Generation Organophosphorus-Acid Extractants

Organophosphinic Acids

Although D2EHPA is still widely used in base-metal SX, its applications are now
more typically found in primary extraction of zinc [30] or removal of manganese
[31] as an impurity element. Organophosphonic and –phosphinic-acid extractants
offer much better selectivity for cobalt extraction over nickel, albeit under higher
pH conditions (Fig. 4) [25, 32]. The basicity of these extractants increases with
decreasing distance of the alkyl chain from the central phosphorus atom on moving
from the phosphoric-acid structure (exemplified by D2EHPA) to the phosphonic
acid (Ionquest® 801), to the phosphinic acid (Cyanex® 272 and Ionquest 290)
[25, 26]. This results in a corresponding improvement of the Co–Ni separation
factors from 14 to 280 to 7000 [33]. The relative orders of extraction of base-metal
cations with pH for representative reagents are [34]:

Table 1 Typical compositions of streams in D2EHPA cobalt refinery circuit

Element SX feed (g/L) LSL (g/L) Element SX feed (g/L) LSL (g/L)

Co 15–20 55–60 Mg 0.1 0.05
Ni 10–20 0.01 Fe <0.005 <0.002
Mn 0.100 0.007 Cu <0.005 <0.002

Fig. 4 Separation of cobalt (dotted lines) and nickel (solid lines) as a function of pH by
(1) organophosphoric-, (2) organophosphonic-, and (3) organophosphinic-acid extractants [34]
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D2EHPA: Fe IIIð Þ<Zn<Ca<Cd<Mn<Cu<Mg<Co<Ni
Ionquest 801: Fe IIIð Þ<Zn<Ca∼Cu∼Mn<Co<Mg<Ni
Cyanex 272: Fe IIIð Þ<Zn<Cu<Mn<Co<Mg<Ca<Ni

Cyanex 272 (di(2,4,4-trimethylpentyl)phosphinic acidi DTMPPA), in particular,
with a ΔpHCo–Ni of ∼2 pH units (Fig. 4) and a different relative order of selectivity
of extraction of base-metal cations (Fig. 5) [24], revolutionised the separation of
cobalt and nickel, enabling an array of new flowsheets to be commercialised [35].
Figure 6 shows the staging of a typical Cyanex 272 circuit for cobalt–nickel sep-
aration, while Table 2 provides illustrative SX feed and LSL compositions [36].
Comparison with the D2EHPA circuit (Fig. 3) demonstrates the remarkable sim-
plification (and capital cost savings) possible with this new-generation reagent.
Cyanex 272 is also far more resistant to oxidative degradation than D2EHPA [33].

The commercialisation of Cyanex 272 facilitated the surge in development of
nickel laterite projects in the 1990s and it was stated in 1997 that this reagent
accounted for some 40% of the cobalt produced worldwide [33]. Calcium and
magnesium are major contaminants in laterite ores, so the selectivity for cobalt over
these alkaline-earth cations offers many benefits to such flowsheets, not least of
which is avoiding the crystallisation of gypsum when co-extracted calcium is

Fig. 5 Order of selectivity of extraction of base-metal cations by di(2,4,4-trimethylpentyl)-
phosphinic acid (Cyanex 272 or Ionquest 290)

Fig. 6 Nine-stage 1998
solvent-extraction flowsheet
for the separation of cobalt
from nickel at Bulong
Nickel (Australia) using
di(2,4,4-trimethylpentyl)-
phosphinic acid (Cyanex 272)
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upgraded in a stripping circuit. DTMPPA circuits are employed for the extraction of
cobalt from nickel at Weda Bay (Indonesia) [37] and Bulong Nickel [36, 38, 39]
(now closed), and were planned for the Tati (Botswana) [40] and Nkomati (South
Africa) [41] projects, amongst others. In the Murrin Murrin [8, 11] and Ambatovy
[13] laterite processes, DTMPPA is used first for zinc removal at low pH and then
for cobalt extraction at a higher pH; the flowsheet for Voisey’s Bay (Canada),
which treats a sulphide concentrate, uses D2EHPA to first remove zinc and then
Cyanex DTMPPA for cobalt purification and upgrading [11].

Ionquest 801, the phosphonic-acid analogue, has also been commercially
implemented, mainly in China as P507, but is not in widespread use. It is, however,
currently under consideration for use in both cobalt and nickel refinery applications
in Africa.

Thiophosphosphinic Acids

Replacement of oxygen by sulphur in the organophosphorus-acid extractants
enables stronger extraction at lower pH to be achieved. Although the dithio ana-
logue of D2EHPA was tested at a laboratory scale, stripping of the reagent proved
too difficult and its stabilty was problematic [42, 43]. The dithiophosphinic acid,
Cyanex 301, was, however, commercialised in the early 2000s for a laterite project
[44, 45]. The order of selectivity is shown in Fig. 7 [46]. It is notable that the two
main elements of interest—cobalt and nickel—can be very easily separated from
the main gangue elements (Ca, Mg, Mn) that are present in the strong
sulphuric-acid solutions originating from the pressure acid leaching (PAL) of
laterite ores. The subsequent downstream separation can then be carried out on a
much smaller stream volume, thereby minimising capital costs as well as purifi-
cation requirements. The corollary of high selectivity of extraction is, however,
poor stripping efficiency: Cyanex 301 not only requires stripping with 6 M HCl at
60 °C and a 5-min mixing time [45], but also requires the feed solution to be
quantitatively free of copper, which irreversibly degrades the reagent [47].

Use of a HCl strip meant that the downstream refinery circuit required cobalt–
nickel separation in chloride media. The aqueous chemistry enables a clean sepa-
ration of these species: in chloride media, cobalt forms an anionic species, CoCl4

2–,
while nickel forms a neutral species, NiCl2. Use of an anion exchanger permits
extraction of cobalt, leaving the nickel species in the raffinate. Such chemistry had

Table 2 Illustrative compositions of solvent-extraction feed and product liquors for a Cyanex 272
circuit [36]

Element SX feed (g/L) LSL (g/L) Element SX feed (g/L) LSL (g/L)

Co 0.24 7.2 Mn 1.00 32
Ni 2.8 0.005 Zn 0.029 0.95
Ca 0.5 0.18 Mg 0.015 37
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already been commercially implemented in the early 1970s at the Nikkelverk
refinery (Norway) [15], as well as by Sumitomo (Japan) [14].

A tertiary amine (represented by R3N) is most commonly employed for this
application. The amine requires protonation to convert it to an anion exchanger
(Eq. 4a). Stripping is carried out by contact with a strip liquor low in acidity (such
as water), which deprotonates the amine and releases the cobalt to back to an
aqueous phase:

Extraction: R3N+H+ →R3NH+ ; ð4aÞ

2R3NHCl +Ni Coð ÞCl2 → R3NHð Þ2CoCl4 +NiCl2; ð4bÞ

Stripping: R3NHð Þ2CoCl4 → 2R3NHCl +CoCl2. ð5Þ

The order of selectivity of a typical anion exchanger (Fig. 8) [24] shows that the
liquors must also be substantially free of zinc, copper, and iron(III) to ensure a
high-purity cobalt product.

Fig. 7 Order of selectivity of
extraction of base-metal
cations by
di-(2,4,4-trimethylpentyl)-
dithiophosphinic acid
(Cyanex 301)

Fig. 8 Order of selectivity of
extraction of base-metal
cations by the tertiary amine,
tri-n-octyl amine
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Despite some indications that reagent stability would be problematic [48],
Cyanex 301 was commercialised for the laterite flowsheet at Vale New Caledonia
(Fig. 9) [44, 45] in 2004. Treating a PAL solution from laterite leaching, copper
removal is first achieved using an iminodiacetic-acid resin (Lewatit® TP 207), which
is able to consistently remove this contaminant to <1 mg/L. A bulk cobalt–nickel
separation from the gangue elements is then carried out using Cyanex 301. Trace
quantities of co-extracted Zn that report to the chloride LSL (Fig. 7) as ZnCl4

2− are
removed by IX using a weakly basic anion exchanger (Lewatit MP 62) prior to
separation of cobalt from nickel using tri-n-octyl amine (TOA) in chloride media.

Owing to its propensity for oxidative degradation, the Cyanex 301 SX is carried
out in a closed environment under a carbon dioxide blanket and using pulsed
columns. The second SX step was similarly configured for convenience. The use of
chloride media and amine extractants creates a corrosive environment that requires
special materials of construction [10]. Despite extensive developmental testing and
piloting of this novel process route, the full-scale operation has been plagued since
start-up by a variety of setbacks, including structural problems with the columns
themselves, several acid plant issues, worse-than-expected degradation of the
reagent, and chloride cross-contamination of the circuits [49–51]. Slow phase
disengagement is also a concern: a fully aromatic (and low flashpoint) diluent is
required to maintain low viscosity and minimise aqueous-in-organic entrainment
[10, 43]. Although Cyanex 301, in principle, offers a very elegant solution to
dealing with the gangue elements of laterites, it is today doubtful whether this
reagent will see another commercial implementation.

Fig. 9 Simplified flowsheet of the Vale New Caledonia process using dithiophosphinic-acid
extractant, Cyanex 301, for bulk cobalt and nickel separation from other impurity species,
followed by trioctylamine for final cobalt–nickel separation
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Options for a Nickel-Selective Extractant

Carboxylic Acids

All of the extractants discussed so far extract cobalt selectively over nickel; how-
ever, certain flowsheet advantages could accrue for the reverse selectivity. Over the
years, numerous attempts have been made, using a wide variety of functionalities, to
develop a nickel-selective extractant [52]. Of these, the carboxylic acid, Versatic®

10 (Fig. 10) [53], has enjoyed some commercial implementation, despite a very
small ΔpHNi–Co.

In fact, Versatic 10 is more often employed for the extraction of nickel from
remaining impurities, such as calcium and magnesium, after cobalt removal with
Cyanex 272, as was practiced at Bulong Nickel [38, 39], or for the combined
extraction of cobalt and nickel. An example of the latter is the treatment of a mixed
cobalt–nickel sulphide at Sumitomo’s refinery in Japan (Fig. 11) [14, 54–56]. This
refinery currently treats MSP from Coral Bay [57] and Taganito [58] (Philippines).
Following pressure leaching and removal of most of the major contaminants by
precipitation, bulk cobalt–nickel extraction is carried out using Versatic 10 with pH
control using ammonium solution (Fig. 12(a)). Stripping is carried out with HCl to
enable the final separation to be achieved using an amine extractant (Fig. 12(b)).
The reactions for the combined separation of cobalt and nickel are as given below,
where Versatic 10 is represented as HA′:

Extraction: 2HA′ +Ni Coð ÞSO4 + 2NH4OH→Ni Coð ÞA′

2 + NH4ð Þ2SO4 +H2O;

ð6Þ

Stripping: Ni Coð ÞA′

2 + 2HCl→ 2HA′ +Ni Coð ÞCl2. ð7Þ

A recent Russian paper [59] proposes a potential alternative to Cyanex 301 using
the hydrazide of Versatic C15–C19 carboxylic acids. Under acidic conditions

Fig. 10 Order of selectivity of extraction of base-metal cations by the carboxylic acid, Versatic 10
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(<pH 1.5), cobalt, nickel, and zinc can be extracted from iron(II) and manganese;
subsequent separation of nickel is achieved by selective stripping.

Hydroxyoximes

Hydroxyoximes, well known for their widespread application in copper SX, can
also offer selectivity for nickel over cobalt in ammoniacal media. Co(II) loads onto

Fig. 11 Simplified flowsheet of Sumitomo cobalt refinery that uses a carboxylic acid to co-extract
cobalt and nickel, followed by their separation using a tertiary amine

Fig. 12 Sumitomo solvent-extraction circuits for a bulk separation of nickel and cobalt using
Versatic 10 and b for final nickel–cobalt separation using tri-n-octyl amine
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the reagent with nickel and cannot be stripped [60, 61], but, under the right con-
ditions, Co(III) is not loaded. Co(II) present in the feed liquor is therefore first
oxidised to Co(III) to enable separation from nickel; however, Co(III) in turn
oxidises the oxime (HR″) and so an oxime regeneration step is required in the
circuit [61]. Extraction of nickel depends on the ammonia/ammonium ratio in
solution (Fig. 13) [60]:

Extraction: Ni NH3ð Þ2+4 + 2HR′′ →R′′

2Ni + 2NH3 + 2NH+
4 ; ð8aÞ

Ni NH3ð Þ2+5 + 2HR′′ →R′′

2Ni + 4NH3 + 2NH+
4 . ð8bÞ

Stripping can be carried out using either ammonia, by reversing the equilibrium
of Eq. (9), or with strong acid:

Stripping: R4
2Ni +H2SO4 → 2R4H+NiSO4. ð9Þ

Limitations of phenolic oximes in ammoniacal media include the slow kinetics
of extraction and stripping of nickel, slow phase separation, and a build-up of
copper that may be present. The strong ammonia strip that recovers nickel does not
fully strip copper, so a bleed stream of the organic must be treated with H2SO4 to
prevent accumulation of copper [10].

This concept was used in the Cawse [19, 62, 63], Queensland Nickel [64–66],
and Ravensthorpe flowsheets in Australia, as well as that proposed for the Niquel
do Vermelho (Brazil) project. The chemistry and rationale behind the development
of such flowsheets is described in an excellent paper by Mackenzie et al. [60].
Table 3 shows representative solution compositions from the Cawse circuit,
showing the selectivity of LIX® 84-I for nickel and upgrading possible [19].

The Queensland Nickel flowsheet (now closed) also incorporated SX steps using
D2EHPA and Cyanex 272 (Fig. 14) [8]. In the primary nickel flowsheet, the ore

Fig. 13 Order of selectivity
of base-metal ammine
complexes by the
hydroxyoxime, LIX 84-I
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was treated directly by roasting and then ammonia leaching. A steam strip served to
reduce the ammonia concentration to a value suitable for extraction of the nickel
ammonia complex (Fig. 13). Co(II) present in the liquor was oxidised to Co(III) to
avoid its co-extraction. Following nickel extraction by LIX 84-I (or subsequent
modifications of this reagent), the cobalt and any remaining nickel were precipitated
as sulphides.

In the secondary cobalt circuit [66], the MSP was redissolved in sulphuric acid.
Iron present in solution was oxidised to Fe(III) and precipitated with lime; any
residual iron(III) and zinc were removed using Cyanex 272 (see Fig. 5). Cobalt was
then extracted from the sulphate media using D2EHPA, followed by stripping with
ammonia to convert any cobalt and nickel to the ammine complexes in the LSL.
The oxime was again employed to remove residual nickel in a downstream SX
step. Finally, calcium and magnesium were removed by conventional strong-acid
IX to enable a high-purity cobalt oxide hydroxide to be produced.

Table 3 Typical compositions of feed and product streams in the Cawse ammoniacal
solvent-extraction circuit

Element SX feed (g/L) LSL (g/L) Element SX feed (g/L) LSL (g/L)

Ni 11 500 100 000 Ca 7.7 7
Co 2800 2 Cr 1 <0.1
Mg 17 5 Cu 5 <0.1
Mn <0.1 2 Zn 50 3

Fig. 14 Simplified Queensland Nickel flowsheet that employed four different solvent-extraction
steps using three different extractants to produce cobalt and nickel products
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Although ammoniacal flowsheets were considered for several other laterite
projects, including Ramu River (Papua New Guinea), Marlborough (Queensland),
Weda Bay, and Ravensthorpe [8], none of these projects that were commercialised
eventually used such a flowsheet and none included a refinery. Of interest, however,
are the piloting data related to the Ramu River project [67, 68]. Excellent results
were achieved for nickel SX from ammonium medium: the Ni concentration was
reduced from 12 g/L in the feed to <0.01 g/L using 30 vol.% LIX 84-I. Extraction
was carried out at 50 °C, using three extraction stages, two scrub stages (with dilute
sodium sulphate to limit transfer of co-extracted ammonia to the strip circuit), and
five strip stages. The nickel LSL was purified by IX using Dowex® XU43578 (now
M4195 UPS) bispicolylamine resin to remove traces of Cu and Lewatit VP OC
1026 (D2EHPA-impregnated resin) to scavenge trace amounts of Zn. This resulting
electrolyte was subjected to Ni electrowinning and cathode of 99.97% purity was
produced.

The flowsheets discussed above illustrate the combination of a wide variety of
extractant types and chemistries that can be used to separate cobalt and nickel to
produce high-purity products. Such flowsheets have operated successfully, but also
suffer from various disadvantages, including cross-contamination of reagents (re-
ported as a problem in the Bulong [69] and Vale New Caledonia circuits, for
example) and complexity of operation. The modern approach to flowsheet design
tends towards the use of fewer (or at least more compatible) reagents and purifi-
cation using IX, which is less prone to cross-contamination and can consistently
remove contaminants to much lower levels than SX.

Synergistic Systems

One of the most promising approaches to the selective recovery of nickel over
cobalt from highly acidic leach liquors involves synergistic SX, the concept of
which was pioneered by Preston and coworkers [70–73]. Much of this and sub-
sequent work focused on mixtures of hydrophobic carboxylic acids and either
pyridinecarboxylate esters or α-hydroxyoximes, and was directed at increasing the
Ni(II) extraction strength of such mixtures [70, 74–78], improving stability of the
oximes towards hydrolysis [79–82], and increasing retention of the carboxylic-acid
component in hydrocarbon diluents. The NickSyn™ system (a synergistic combi-
nation of Versatic 10 and a proprietary pyridine carboxylate) was developed and
extensively piloted by Mintek [83–86], but has not yet been commercialised.
A recent desktop study comparing the NickSyn system with a sequential D2EHPA–
Cyanex 272 system for application to purification of a Copperbelt cobalt bleed
indicated both capital and operating cost benefits [87].

More recently, a team from the University of Edinburgh [88] has extended this
concept to develop strong and selective nickel extractants using a synergistic
mixture of sulphonic acids and bidentate N-heterocycles. The most promising of
these reagents provides the option of sequential recovery of nickel(II) and cobalt(II)
and rejection of all other metals commonly found in laterite PAL liquors.
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While synergistic systems remain some way from commercialisation, there is no
doubt that considerable progress is being made towards the conceptualisation and
development of a nickel-selective reagent suitable for use in acidic sulphate media.

Cobalt and Nickel Purification by Ion Exchange

Specifications for Battery-Grade Products

With increasingly stringent demands on the purity of cobalt and nickel products for
battery applications, their separation has more recently taken a secondary place
when compared with attention devoted to the removal of a variety of impurity
elements, the concentrations of which depend on the source and process route

Table 4 Typical specifications for battery-grade cobalt and nickel metals and sulphate salts

Element Units NiSO4 ⋅ 6H2O CoSO4 ⋅ 7H2O LMEa

primary Ni
metal [89]

LME
premium-grade
Co metal [90]

Ni %/g/t 22–22.3% <200 g/t 99.90% <100 g/t
Co %/g/t 10 g/t >21% 80 g/t 99.95%
Cu g/t 1–5 <10 200 80–300
Fe g/t 1–10 <10 200 100–500
Mg g/t 100 <30 20 20–100
Mn g/t 1 <20 – 50–100
Pb g/t 1–5 <10 15 10–40
Zn g/t 1–10 <5 20 30–100
Na g/t 20 <50 – –

Cd g/t 1–2 <10 8 30–50
Cl g/t 2 – – –

Cr g/t 5 <10 – –

Ca g/t 20 <10 – –

Al g/t – <10 – 10–20
Li g/t – <10 – –

As g/t – <10 – 10–30
Sb g/t – – 8 –

Si g/t – <20 20 30–100
P g/t – – 10 20–100
Bi g/t – – 8 0–10
S g/t – – 10 30–100
Sn g/t – – 8 10–30
Insolubles g/t 50–80 <100 – –

TOCb g/t 10 – 10 100–500
aLME: London Metal Exchange
bTOC: total organic carbon
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through which the electrolyte has passed. Table 4 shows typical specifications of
battery-grade metals and sulphate salts. IX and related technologies offer the
capability for solution purification in primary processing of these metals, as well as
in polishing applications for high-grade products.

Ion-Exchange Resin Functionalities and Applications

Copper is very effectively removed from cobalt and nickel streams using relatively
inexpensive chelating iminodiacetic-acid resins that are more commonly employed
in water-treatment applications. This functionality (Lewatit TP 207) is used for
copper removal ahead of Cyanex 301 in the Vale New Caledonia flowsheet (Fig. 9)
[45] and has been successfully demonstrated in pilot-scale continuous trials on
cobalt electrolytes to lower the contaminant to <0.1 mg/L Cu [91].

Aminophosphonic-acid resins are similarly employed for the removal of low
concentrations of copper, zinc, and lead from such streams. Although these have
much lower loading capacity and operate at higher pH than the iminodiacetic-acid
resins, they can offer advantages where greater selectivity is required or use of a
single unit operation is preferred [92]. This functionality was used for the removal
of these impurities from a cobalt stream in the Bulong Nickel flowsheet [39] and
has also been piloted for several applications for purification of cobalt electrolytes
[93–97]. Levels of the targeted contaminants can be consistently reduced to as low
as <0.1 mg/L using fixed-bed systems.

Some copper–cobalt deposits in Democratic Republic of Congo contain uranium
as a contaminant, which reports to the acidic sulphate leach solutions. This can be
removed in the cobalt circuit using a conventional strong-acid cation exchanger.
The first such application, using the Clean TeQ continuous resin-in-pulp IX con-
figuration, is expected to be commissioned in late 2018 [98].

In chloride media, weak-base tertiary-amine resins can be employed for the
complexation of anionic impurities, such as for the removal of ZnCl4

2− over CoCl4
2

− and/or NiCl2, as practiced at Vale New Caledonia (Fig. 9) [45].
One of the few reagents that is selective for nickel over cobalt employs the

bispicolylamine functionality, originally available as M4195 [99, 100]. This has now
been largely replaced by hydroxypropylpicolylamine (HPPA) resins that offer lower
pHof loading, better selectivity over cobalt, and easier removal of co-extracted copper
[97, 101]. Such resins are employed to remove nickel from cobalt refinery streams at
Port Colbourne (Canada) [102], and Chambishi Metals (Zambia) [101], for example.

Taking advantage of the relative selectivities of the organophosphorus-acid
extractants (See Figs. 1 and 5), solvent-impregnated resins are increasingly finding
application. Early resins were manufactured with a thin layer of extractant physically
adsorbed on the resin beads and suffered from physical loss of the active component
with time. Modern formulations are more robust and losses are comparable with the
attrition losses of conventional resins. Both D2EHPA and Cyanex 272 are available
as solvent-impregnated resins and, in the case of Lewatit TP 272, Cyanex 272 is

The Evolution of Cobalt–Nickel Separation and Purification Technologies … 1183



more strongly held than with simple impregnation, because the extractant is incor-
porated during the formation of the copolymer. The loading capacities are not as
high as for conventional resins, but excellent specificity for certain impurity ions can
be achieved with very low losses of the valuable metal. The removal of trace zinc
from a stream containing 70 g/L Ni using a D2EHPA-impregnated resin (Lewatit
VP OC 1026) is practiced at Rustenburg Base Metal Refinery [103, 104]. This resin
has similarly operated successfully since the 1980s at Vale’s Port Colbourne refinery
for the removal of Zn from a cobalt–nickel electrolyte ahead of EW [102]. A major
advantage of this system is the relatively low co-loading of Co at the pH of effective
Zn removal. Although not yet used commercially, projects are currently in devel-
opment that employ the Cyanex 272-impregnated resin (Lewatit TP 272) for the
production of electrolytes of battery-grade quality.

The respective selectivity sequences for selected metal cations of the above
functionalities are:

Strong-acid cation
exchanger:

Ba > Pb > Sr > Ca > Ni > Cd > Cu > Co > Zn > Mg > UO2

Iminodiacetic-acid resins: Fe(III) > Cu>VO>UO2> Pb>>Ni > Zn∼Co∼Cd> Fe(II)
> Mn > Ca > Mg > Sr > Ba

Aminophosphonic-acid
resins:

Fe(III) > Pb > Cu > Zn ∼ Al > Mg > Ca > Cd > Ni > Co >
Sr > Ba

Hydroxypropylpicolylamine
resin:

Cu > Ni > > Fe(III) > Zn > Co > Cd > Fe(II) > Mg/Cr/Mn/
Ca/Al

D2EHPA-impregnated resin: Fe(III) > Zn > Cd > Ca > Mn > Cu > Fe(II) > Co > Ni
Cyanex 272-impregnated
resin:

Fe(III) > Zn > Al(III) > Cu > Mn > Co > Mg > Ca > Ni

Several flowsheets that use fixed-bed IX for the scavenging of impurities from
base-metal streams have been described in detail, as outlined above. More recently,
the use of continuous resin-in-pulp for purification of nickel–cobalt streams is being
developed with a view to implementation for an Australian project [105].

Most of the commercial and piloted IX purification routes for cobalt and nickel
electrolytes address the removal of impurity base-metal and alkaline-earth cations that
are commonly found in leach liquors. As shown in Table 4, however, a wide range of
other elements may also need to be considered in future applications for the pro-
duction of much higher purity products. To date, there is very little information in the
public domain regarding the removal of such species. It is likely that IX will remain
the technology of choice, but more sophisticated (and more expensive) approaches,
such as molecular recognition technology (MRT), can also be considered.

Molecular Recognition Technology

MRT systems have been demonstrated for a variety of cobalt purification appli-
cations, including individually scavenging for cadmium, lead, copper, nickel, iron,
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and uranium to essentially undetectable levels from cobalt electrolytes, as well as
the co-extraction of several of these cations and their separate elution to give
high-grade metal salt eluates [106–108]. MRT offers the advantages of achieving
extremely low levels of contamination of the product solutions due to the high
specificity of the complexation, elution with conventional reagents to give a
high-concentration product solution suitable for crystallisation, high loading
capacity, and small plant footprint. Associated cobalt losses are almost negligible
and better than can be achieved using SX or IX. Although a few such systems
appear to have been commercialised for cobalt-refining applications, the high cost
of the MRT reagents has generally been a deterrent, as has their limited lifetime and
difficulty of obtaining reliable technical information regarding their performance.
Today, however, the extremely high price of cobalt, in particular, coupled with the
tight restrictions on impurities for high-grade products, may change the process
economics and enable these systems to become both technically and commercially
viable.

Summary and Conclusions

Over the past fifty years, the trajectory of cobalt–nickel separations has moved from
the use of unselective precipitation processes, to the extraction of cobalt from nickel
by SX with D2EHPA, which has a separation factor of ∼10, to the widespread use
of the current benchmark reagent, DTMPPA, which has a separation factor of
∼7000. Both the chemistry and operating considerations of cobalt removal from
nickel are well established and numerous plants around the world have been
operating successfully for the last three decades. Purification of cobalt electrolytes
to levels of <1 mg/L of impurity contaminants is also well established using both
SX and IX techniques.

In contrast, despite much research and development, the search for a nickel-
selective separation system remains elusive: despite the range of available reagents
and flowsheets, none possess the ideal combination of high selectivity for Ni and
Co against Mn, Mg, and Ca and high resistance to chemical degradation. The most
successful flowsheets can perhaps be considered those that employ ammoniacal
media and ketoxime extractants. The HPPA resins have also found niche applica-
tion for nickel scavenging applications.

About half the world’s primary cobalt is associated with nickel laterites. A wide
variety of nickel processing hydrometallurgical flowsheets have been proposed (and
some commercialised) since the late 1990s, but none have been without inherent
disadvantages. Many plants did not survive the drop in nickel price of the past
decade. The development of an SX route that avoids intermediate precipitation and
does not require special measures to minimise degradation would simplify flow-
sheets, improve recovery, and produce higher quality, higher value products. Ide-
ally, such a reagent would simultaneously recover and separate Ni and Co from the
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major impurities that are present in large amounts in high concentration in laterite
PLS (Mn, Mg, and Ca), enabling a much smaller downstream refinery circuit.

Many current developments in cobalt and nickel purification are targeting the
production of high-purity metals and salts that fulfil the requirements for
battery-grade materials. Whether such developments will ultimately be commer-
cialised by primary metal producers remains to be seen: it appears more likely that
mining companies will continue to focus on their main objective of metal recovery,
with production of an intermediate or lower-grade product: upgrading to
high-purity products will likely be undertaken by downstream chemical manufac-
turers. Nevertheless, the promise of technological advances, the emergence of new
battery materials, and the increasing global prominence of trends of recycling,
sustainability, and the circular metals economy will ensure that advances in cobalt
and nickel separation and purification will remain a focus of scientific and engi-
neering efforts for the foreseeable future.
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