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Recycling of cobalt from end-of-life lithium-ion batteries (LIBs) is gaining interest because they are
increasingly used in commercial applications such as electrical vehicles. A common LIB cathode material
is lithium cobalt oxide (LiCoO,). Besides the cathode, LIBs contain other components, such as metallic
aluminium and copper as current collectors, which are often separated at initial hydrometallurgical re-
cycling stages. Leaching of cobalt from LiCoO, is mainly driven by reducing cobalt(i) in LiCoO, to
cobalt(n) via adding reducing agents. In this work, a green, cheap and safe approach is proposed by using
a choline chloride—citric acid deep-eutectic solvent (DES) as lixiviant. Aluminium and copper were evalu-
ated as reducing agents for cobalt(in). After optimisation, lithium and cobalt were quantitatively leached
from LiCoO; in the presence of aluminium and copper. Copper was the most effective reducing agent for
cobalt(m), so that no additional reducing agents or a pre-separation step were required. A speciation study
of the pregnant leach solution (PLS) confirmed the dominance of chloro complexes. DES leaching was
compared with conventional hydrochloric acid leaching, whereby the DES avoided the formation of toxic
chlorine gas. Finally, the DES PLS was used as the more polar phase in a non-aqueous solvent extraction
process. This process consisted of a copper(i/i) extraction step with the extractant LIX 984, followed by
selective extraction of cobalt(i) with the extractant Aliquat 336. Both metals were completely stripped
from the loaded organic phases by oxalic acid. The total recovery yield of cobalt was 81%, as a 99.9% pure
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Introduction

Lithium-ion batteries (LIBs) are on the market since the early
1990s."” The use of LIBs in electric devices has been increas-
ing sharply during the least 20 years due to the advantages of
LIBs compared to other rechargeable batteries, such as nickel
metal hydride batteries (NMH batteries).>”” End-of-life LIBs are
worth being recycled because of the presence of aluminium
and copper as current collectors, but especially because of the
cobalt in the cathode materials.”> Furthermore, apart from
economic perspectives, recycling of LIBs is also important for
environmental reasons. This is because the releasement of
certain metals and electrolytes that are present in the LIBs
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could be environmentally harmful.>” Popular cobalt-contain-
ing cathode materials are lithium cobalt oxide (LiCoO,) and
mixed nickel manganese cobalt oxide.>>*° Since cobalt is a
critical metal, development of efficient recycling processes for
recovery of cobalt from end-of-life LIBs becomes important
and could decrease the environmental impact of mining and
dependence of geopolitical unstable countries."
Hydrometallurgical recycling routes comprise dismantling
of the LIBs and separation of the main components as the first
processing steps, followed by thermal treatment and/or dis-
solution steps to recover cobalt and other valuable metals.'®™®
Other industrial processes use first a thermal treatment step,
followed by mechanical separation. This is cheaper, but less
pure cathode materials are obtained.'®?° In both types of re-
cycling processes, the obtained pretreated material is leached,
usually by mineral acids, to dissolve the metals and cobalt is
recovered by solvent extraction (SX) or precipitation.” Efficient
leaching of cobalt from cathode materials such as LiCoO, is
achieved by reducing cobalt(m) to the more soluble cobalt(i)
oxidation state.>’>* Often used lixiviants are (1) sulfuric acid
in the presence of hydrogen peroxide as reducing agent or (2)
hydrochloric acid.>>"®?** Whereby leaching with hydrochloric
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acid releases toxic chlorine gas. Huang et al.' and Chagnes
et al.*® compared leaching of LIB cathode materials with
different mineral acids and reducing agents. Chen et al.*®
described the use of organic acids and organic reducing
agents as milder lixiviant systems. The use of LIB current col-
lectors as reducing agents during leaching of cathode
materials is less investigated. Joulié et al.'® illustrated that alu-
minium or copper separately are suitable reducing agents for
cobalt(m), without describing the combined effect of both
metals on LIB leaching. Peng et al.®” included the combined
effect since it mimics a more realistic scenario due to the fact
that industrial LIB recycling routes usually cannot obtain
cathode materials that solely contain aluminium or copper.
Nevertheless, these two studies describe conventional hydro-
metallurgical leaching based on aqueous solutions."®*”

Another possibility for recovery of cobalt from LIB cathode
materials is applying solvometallurgy, where the aqueous
phase used in hydrometallurgical processes is replaced by
organic solvents.”® Solvometallurgical routes produce less
aqueous waste and are often more selective than hydrometal-
lurgical processes.”®' Often used green solvents in solvo-
metallurgy are deep-eutectic solvents (DESs).>’* DESs are
low-melting mixtures with a melting point much lower than
those of its individual components. They are composed of an
organic salt such as choline chloride and a hydrogen bond
donor such as citric acid.**” Synthesis of DESs is generally
straightforward and advantageous properties like biodegrad-
ability, safety, greenness and low price can be obtained by a
proper selection of the DES components.*>***° Moreover,
DESs can be potentially used as lixiviants in leaching processes
and polar organic phases in non-aqueous solvent extraction
processes.”® The DES could then avoid emission of toxic and
environmentally harmful gasses such as chlorine gas, nitro-
gen- or sulfur oxides, which are commonly produced during
leaching by mineral acids.>*%2®

For example, Ziirner et al.** used a choline chloride-oxalic
acid DES for the leaching and selective extraction of indium(i)
and tin(n) from metallurgical waste. Foreman developed a
DES-based process for recovery of metals from NMH bat-
teries.”” Riafio et al.*® applied a choline chloride-lactic acid
DES for NdFeB magnets recycling, utilizing leaching and non-
aqueous solvent extraction. In this paper, a model study is
done to recover cobalt from LiCoO, by solvometallurgy, utiliz-
ing a water-diluted choline chloride-citric acid DES (ChCl : CA,
molar ratio 1:2, diluted with 35 wt% water). Choline chloride
is an inexpensive chicken feed additive, produced at a large
scale.’®***> Citric acid is a renewable, non-toxic and relatively
cheap organic acid, produced at large scale as well.*>*” The
choline chloride-citric acid DES is used as a lixiviant and
more polar phase in non-aqueous solvent extraction (non-
aqueous SX). Leaching by this DES is compared with leaching
by hydrochloric acid, whereby the DES avoids the emission of
toxic chlorine gas, which is produced when hydrochloric acid
is used as lixiviant. Furthermore, the current collectors alu-
minium and copper are used in a combined way as reducing
agents for cobalt(m) during leaching, in order to avoid
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additional reducing agents and thus to simplify the leaching
process. The chosen citric acid and choline chloride content in
the DES caused that no pH or chloride concentration adjust-
ments were necessary in the downstream non-aqueous SX
process. These adjustments are usually done in a conventional
solvent extraction process when a pregnant leach solution
(PLS) (after leaching by mineral acids) is extracted by LIX 984
and Aliquat 336 (A336) respectively.

Experimental

Products

Choline chloride (99%), 1(+)-ascorbic acid (99%), aluminium
powder (0.075 mm, 99%), cobalt(i1) chloride anhydrous (97%),
ethylene glycol (99.5%), .(—)-malic acid (99%), copper(i) chlor-
ide (97%) and copper(un) chloride (anhydrous, 95%) and
ethanol (99%) were purchased from Acros Organics (Geel,
Belgium). Aliquat® 336 (a mixture of quaternary ammonium
chlorides, with 88.2-90.6% quaternary ammonium content)
and copper powder (0.075 mm, 99%) were obtained from
Sigma-Aldrich (Overijse, Belgium). Citric acid (anhydrous,
99.5%) was purchased from Carl Roth® (Karlsruhe, Germany).
Hydrochloric acid (37%) was purchased from VWR Chemicals
(Heverlee, Belgium). Lithium cobalt oxide (LiCoO,, 0.005 mm,
97%) was purchased from Alfa Aesar (Kandel, Germany). Nitric
acid (65%) was obtained from Chemlab-Analytical (Zedelgem,
Belgium). Oxalic acid (99%) was purchased from J&K Scientific
(Pelt, Belgium). The aliphatic diluent Shell GTL GS190 (C10-
C13 aliphatic hydrocarbon diluent) was obtained from Shell
(Rotterdam, Netherlands). LIX® 984 (a mixture of 5-dodecylsa-
licylaldoxime and 2-hydroxy-5-nonylacetophenone oxime) was
provided by BASF (Antwerp, Belgium). Malonic acid (99%) and
ICP standards of aluminium, cobalt, lithium and scandium
were obtained from Merck (Overijse, Belgium). All the chemi-
cals were used as received without any further purification.
Ultrapure water (18.2 MQ cm, reference A" Milli-Q water purifi-
cation system) was prepared by a Milli-Q® Academic ultrapure
water system.

Instrumentation

Metal concentrations in the heavy DES phase were determined
by inductively coupled plasma-optical emission spectroscopy
(ICP-OES) using an Optima 8300 spectrometer equipped with
an axial (AX)/radial (RAD) dual plasma view, a GemTip Cross-
Flow II nebuliser, a Scott double pass with inert Ryton spray
chamber and a demountable one-piece Hybrid XLT ceramic
torch with a 2.0 mm internal diameter sapphire injector.
Dilutions were done with 2 vol% nitric acid solutions and all
ICP-OES sample analyses were performed in triplicate.
Samples were diluted 2000 times and scandium was used as
internal standard. Metal concentrations in the light phase
were determined by using a total X-ray reflection fluorescence
spectrometer (TXRF; Bruker S2 Picofox), equipped with a mol-
ybdenum X-ray source and operated at a voltage of 50 kV. The
quartz glass sample carriers were first heated for half an hour
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at 60 °C in a hot air oven. Sample preparation was done by
mixing 20 pL of loaded light phase together with 50 pL of
gallium ICP standard and 930 pL of ethanol. Analysis was
done by adding 3 pL of this prepared sample on the preheated
carriers followed by drying 30 min at the same temperature.
Qualitative and quantitative analysis of the PLS was done by
UV/VIS absorption spectroscopy with a Agilent Cary 6000i
spectrophotometer and Cary WinUV software. A Nemus Life
Thermo Shaker TMS-200 was used for shaking the glass vials
during the extraction experiments. A Heraeus Labofuge 200
centrifuge was used to accelerate phase separation after equili-
bration of the two phases.*® Detection of chlorine gas formed
during leaching was done by a GasAlert extreme Cl, 0-50 ppm
GAXT-C-DL chlorine detector.

Synthesis deep-eutectic solvents

The choline chloride based DESs were prepared by adding
choline chloride and an organic compound at a specific molar
ratio (n:n) to a glass beaker. Subsequently, a certain mass per-
centage of water was added to the beaker, followed by addition
of a magnetic stirring bar. The mixture was stirred at 30 °C on
a heating plate, equipped with a thermocouple to control the
temperature, until a homogeneous solution was obtained.

Leaching by deep-eutectic solvents

Leaching experiments were started by adding certain amounts
of LiCO, and/or aluminium and/or copper powders into a
glass vial. The added amount of aluminium and copper metal
was based on their average mass ratios in LIBs and kept con-
stant, which was Al:LIB = 4 wt% (e.g. Al:LiCoO, = 12 wt%)
and Cu:LIB = 8 wt% (e.g. Cu:LiCoO, = 24 wt%).>***° This
was accompanied by addition of a certain volume of DES,
according to the desired solid-to-liquid ratio (S:L) and a mag-
netic stirring bar was added. The vial was sealed and then
placed in a sand bath on a heating plate, equipped with a
thermocouple for temperature control, at a stirring speed of
900 rpm. If necessary, intermediate samples of 350 pL were
taken at certain time intervals and filtered with syringe filters
(Chromafil® pore size 0.45 pum, diameter 25 mm). A constant
DES volume of 0.04 L (maximum capacity of the vials used)
and a varying amount of LiCoO,, Al and Cu according the
chosen S:L were used for all tests where these intermediate
samples were taken. This relatively high volume of DES was
chosen to minimize the effect of volume losses during the
intermediate sampling as much as possible. The PLS was sep-
arated from the solid residue via the same filtering procedure.
All experiments were performed in duplicate. The percentage
leaching (%L) was calculated via the following equation:'*?”>!

Mepys,icp|-Vbes
HL = [ ) ]01 —
Myveighed Wt 70metal

x 100 (1)

where [Mprscp| is the metal concentration in the DES PLS
after leaching, as determined by ICP-OES in g L™" at each time
interval, and Vpgs is the volume (in L) of DES used to leach.
The terms Myeighed aNd Wt%metal stand for the initial amount
of powder (LiCoO,, Al or Cu) that is weighed as input and the
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percentage of metal present in the corresponding weighed
powder, respectively. The latter wt%meear Values are 0.07 for Li
and 0.60 for Co in LiCoO,; and 1 for both Al and Cu as they
are weighed as powders in their elemental form.

Non-aqueous solvent extraction

The PLS was obtained at optimised conditions and contacted
with an organic light phase at an equal volume ratio
(Vip: Vbes) (unless stated otherwise) in a 4 mL glass vial and
shaken at 2250 rpm during 0.5 h at room temperature. The
vial was then centrifuged at 5000 rpm for 5 min and the metal
content was analysed for both phases. ICP-OES is suitable for
analysing water soluble samples and TXRF can be used to
measure organic samples. Therefore, the DES phase was used
for ICP-OES analysis and the loaded organic phases for TXRF
analysis. Scrubbing and/or stripping experiments were both
executed via similar procedure. All experiments were per-
formed in duplicate. The percentage extraction (%E) was calcu-
lated via the following equation:

RE — ([M]DTIS;./;];E:]DES.” « 100 (2)

With [M]pgs; and [M]pgs ¢ the respective initial and final
metal concentration in the DES (heavy phase), both deter-
mined by ICP-OES.

Since stripping by forming a precipitate was used for metal
recovery, metal stripping efficiencies were determined by cal-
culating the precipitation efficiency (%PE). This was done via
the following equation:

%PE — ([M]I_P.i7[[1\41\4]]1:;f'7[M]HPAf) x 100 (3)

[M]ip; and [M];p are the metal concentrations in the light
organic phase after extraction and after stripping, respectively.
Both metal concentrations were determined by TXRF. [M]yp is
the metal concentration of the aqueous supernatant (e.g. heavy
phase) after stripping, and was determined by ICP-OES.

UV/VIS analysis

Copper(1)-, copper(n) and cobalt(un) chloride salts were dis-
solved in the DES with similar metal concentration as in the
PLS, followed by recording the absorption spectra. These were
hereafter compared with the recorded PLS spectrum for quali-
tative analysis. A calibration curve was constructed by dissol-
ving different amounts of cobalt(u) chloride in a 35 wt% water-
diluted choline chloride solution for cobalt(u) chloride quanti-
fication in the DES. The cobalt(u) concentration ranged
between 0.005 and 0.625 g L™".

Results and discussion
Choice of lixiviant

Several deep-eutectic solvents (DESs) were synthesised by com-
bining choline chloride with organic compounds such as citric
acid, ethylene glycol, malic acid, malonic acid and oxalic acid
in 1:1 molar ratios. The viscosity of these DESs was reduced

This journal is © The Royal Society of Chemistry 2020
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Table 1 Efficiencies of leaching of LiCoO, in different DESs (%L)?

DES (1: 1 molar ratio) %L Co

Choline chloride—citric acid 99.6
Choline chloride-ethylene glycol 2.1

Choline chloride-malic acid 81.2
Choline chloride-malonic acid? 24.4
Choline chloride-oxalic acid” 19.6

“Leaching parameters: 60 °C, S:L = 20 g L™, Al:LiCoO, = 12 wt%,
Cu: LiCoO, = 24 wt%, 4 h at 900 rpm. All DESs: 1:1 molar ratio and
diluted with 20 wt% H,O. ® Formation of precipitate observed.

by addition of 20 wt% water. The capacity of the DESs for
leaching of cobalt from lithium cobalt oxide (LiCo0O,), in pres-
ence of aluminium and copper metal, was evaluated (Table 1).

Only DESs comprising relatively strong organic acids com-
bined with choline chloride were able to leach cobalt. Ethylene
glycol, being the weakest acid considered in this study, could
not leach cobalt.>® However, although malonic acid and oxalic
acid have the highest acidity of the acids shown in Table 1,
their conjugated bases form poorly soluble salts with cobalt
(m).***7> These acids form poorly soluble copper(u) salts as
well, which coprecipitate with the cobalt(u) salts, making sep-
aration of cobalt from copper difficult.******” The choline
chloride-citric acid DES (ChCl:CA) leached more cobalt(u)
compared to the choline chloride-malic acid DES, due to the
higher acidity of citric acid.>*>*>> Moreover, citric acid is also
cheaper and more readily available than malic acid.*””*®
However, bulky molecules, like citric acid, lead to a DES with
higher viscosities, when combined with choline chloride.*
This undesired increase in viscosity was mitigated by changing
the choline chloride : citric acid molar ratio from 1:1 to 2:1,
combined with addition of 35 wt% of water. Hammond et al.
confirmed that most DESs retain their typical network of
hydrogen bonds up to a water content of ca. 42 wt%.’*** Thus,
a water content of 35 wt% still ensured that the mixture has
the typical behaviour of a DES, and not of a diluted aqueous
solution.’®®® The choline chloride-citric acid DES (ChCl: CA
2:1 +35 wt% H,0) could still leach cobalt quantitatively and
was therefore considered as being the most suited for leaching
of lithium cobalt oxide.

Time and temperature effect on leaching

First insights in the leaching mechanism were obtained by
plotting the percentage of leaching (%L) as a function of time
for different temperatures, during leaching of lithium cobalt
oxide with the choline chloride-citric acid DES, in the pres-
ence of aluminium and copper metal (Fig. 1).

Fig. 1 indicates that leaching of the metals is in general
faster at higher temperatures. Cobalt, copper and lithium
show a very similar behaviour, while dissolution of aluminium
is slower. The efficiency of copper dissolution decreases over
time at 80 °C, because of the cementation reaction with alu-
minium.®" Aluminium reduces copper(i/n) during cementation
and gets oxidised to aluminium(m), and the reaction rate
increased with increasing temperatures, as shown in

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Leaching efficiencies (%L) of LiCoO, + Al + Cu mixtures in
choline chloride—citric acid DES as a function of time at different temp-
eratures. Temperatures: room temperature (left above, a), 40 °C (right
above, b), 60 °C (left below, c) and 80 °C (right below, d). DES: ChCl: CA
2:1 +35 wt% H,O. Leaching parameters: S:L = 20 g L™, Al:LiCoO, =
12 wt%, Cu : LiCoO, = 24 wt% at 900 rpm.

Fig. 1(d).®"** Although quantitative cobalt leaching could be
achieved at room temperature after 4 h, the condition of
1 hour at 40 °C was chosen for further study. These conditions
leached 38% aluminium(in), 98% cobalt(u), 94% copper(i/u)
and 93% lithium(i) and ensured a good balance between
selectivity, reaction time and energy consumption. The
remaining solid residue after leaching thus contained an
amount of aluminium metal with LiCoO, and copper in low
concentrations as impurities. This residue could be further
processed by selectively leaching aluminium(m) with sodium
hydroxide.®® Another approach is to leach the residue with a
mineral acid such as hydrochloric acid, followed by quantitat-
ive and selective extraction of aluminium(m), cobalt(u),
copper(i/u) and lithium(i) by acid extractants like D2EHPA or
Cyanex 272 (C272).°>% However, due to the very low amounts
of metals present in the residue, the cost-effectiveness of this
secondary waste stream should be taken into account.

Solid-to-liquid ratio optimisation

The PLS metal content influences the extraction behaviour in
the subsequent non-aqueous SX step. Therefore, the solid-to-
liquid ratio was optimised (Fig. 2).

The efficiency of cobalt(i) and lithium(r) leaching decreased
slightly with increasing solid-to-liquid ratios until a leaching
efficiency of ca. 90% at 100 g L', while copper(i/u) leaching
decreased dramatically at a solid-to-liquid ratio of 100 g L™
due to precipitation. Aluminium(m) leaching increased up to a
solid-to-liquid ratio of 60 g L™' and remained constant for
higher ratios. Cementation of copper(i/u) by aluminium metal
is favoured at higher copper concentrations, which is most
likely occurring at a solid-to-liquid ratio of 100 g L7.°
Furthermore, a solid-to-liquid ratio of 20 g L' was selected as
a suitable solid-to-liquid ratio because this ratio provides a

Green Chem., 2020, 22, 4210-4221 | 4213
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Fig. 2 Variation of the solid-to-liquid ratio (S:L) during leaching by
choline chloride—citric acid DES. Composition of the DES: ChCl: CA 2:1
+35 wt% H,0. Leaching parameters: 1 h at 40 °C, Al: LiCoO, = 12 wt%,
Cu: LiCoO; = 24 wt% at 900 rpm.

higher selectivity and a reasonably high cobalt(un) concen-
tration in the PLS of about 12 g L™". Nevertheless, it should
kept in mind that the DES is able to leach efficiently at higher
solid-to-liquid ratios and that it is possible to obtain a PLS
containing about 55 g L' cobalt(u). Unfortunately, these more
extreme conditions cause a drastic increase in viscosity due to
the high loading of the DES with metals.

Effect of current collector metals on leaching

The effect of aluminium and copper metal was examined by
comparing four different leaching systems (Fig. 3). Lithium
cobalt oxide was leached under the following conditions: (a)
without addition of a reducing agent, (b) in the presence of
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801 80+
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Fig. 3 Comparison of the effects of current collector metals on the
leaching of lithium cobalt oxide by choline chloride—citric acid DES.
Conditions: Only LiCoO, (left above, a), LiCoO, with Al (right above, b),
LiCoO, with Cu (left below, c), LiCoO, with Al + Cu (right below, d).
DES: ChCl: CA 2:1 +35 wt% H,0O. Leaching parameters: S:L =20 g L™,
40 °C, Al: LiCoO; = 12 wt%, Cu: LiCoO, = 24 wt% at 900 rpm.
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aluminium metal, (c) in the presence of copper metal, (d) in
the presence of both aluminium and copper metal. Condition
(a) describes conventional leaching without addition of a redu-
cing agent, which can in a general and simplified way
described by the following equation:**%¢”

. _ . 1 1
LICOOZ(S) + .?)H(])Jr + 3A(1) = LlA(]) + COAZ(I) + EHZO(I) + Z Oz(g)
(4)

Citric acid provides the protons and chlorides are the
ligands A™ in eqn (4) due to the high concentrations of these
species in the DES.®® Although eqn (4) is simplified descrip-
tion of the chemical reaction occurring during leaching in the
sense that the exact stoichiometry of the complexes is not
known, the formation of oxygen gas has been reported in the
literature during the dissolution of LiC00,."?**° In the
absence of reducing agents, reduction of cobalt(u) is accom-
plished by oxidising the oxide ions present in lithium cobalt
oxide to oxygen gas. This redox reaction is kinetically un-
favoured and requires higher temperatures together with
unpractically long leaching times, explaining the low cobalt
leaching efficiency seen in Fig. 3(a).”* Condition (b) shows a
slightly higher cobalt leaching efficiency compared to con-
dition (a) and thus indicates small effect of the presence of
aluminium metal on the reduction of cobalt(u). Reduction of
cobalt(ur) by aluminium is favoured by thermodynamics, but
aluminium is more prone to side reactions such as reduction
of water and protons, both causing formation of hydrogen
gas.B1%17%71 This was evidenced by formation of plenty of
gas bubbles and a pressure build-up in the leaching vials, but
the gas could not be identified. Joulié et al. reported that a
750% excess of aluminium metal is required to reduce cobalt
(1) efficiently during leaching of LIB cathode materials by sul-
phuric acid.'® Condition (c) shows clearly that copper is an
effective reducing agent for cobalt(m) during leaching, in
agreement with the results reported by Joulié et al. and Peng
et al.'®*” Nevertheless, quantitative leaching of cobalt could
not be achieved due to the presence of less than stoichiometric
amounts of copper metal. This was mitigated in condition (d),
where quantitative cobalt leaching was achieved in the pres-
ence of both aluminium and copper metal. Aluminium metal
reduces the copper(r) and copper(un) that is formed due to
reduction of cobalt(m), back to copper metal and this copper
metal is then available again to reduce more cobalt(i).5"%*
Thus, copper metal is the decisive reducing agent for
cobalt(ur), while aluminium is inefficient for reduction of
cobalt(m) due to the competitive reduction of protons,
copper(1) and copper(u).

Although the focus of this study was mainly on cobalt,
lithium was quantitatively leached in condition (d) as well.
Lithium(i) is present in the interstices of the in the LiCoO,
lattice.*®”> Attack by acids partially opens the crystal structure
and lithium(r) leaches more easily than cobalt(u) since no
redox reaction is required. Furthermore, increase in cobalt
leaching causes more distortion of the LiCoO, crystal lattice
and results in more lithium leaching as well.”>”* This is sup-
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ported by the similar trends of cobalt and lithium leaching in
conditions (c) and (d).

The powder characteristics such as the particle size and
morphology are an important factor that influences the redox
activity of copper or aluminium.”>”® The particle sizes of the
copper and aluminium powders used were kept constant
during these experiments (0.075 mm for both powders).
However, industrial processes usually do not give this fine par-
ticle sizes after crushing and sieving the spent LIBs. For
example, common industrially obtained particle sizes range
from 6.0 to 0.5 mm.'*””° Thus, investigating the effect of
larger particle sizes would be essential when it is the intention
to industrially apply this process. Furthermore, real industrial
wastes would contain much more metals than the ones dis-
cussed in this work.'>**?” Since present work is a fundamen-
tal model study rather than an industrial application, particle
size investigations were not executed.

Metal complex identification during DES leaching

Counter anions and ligands of metals influence the solvent
extraction behaviour and partially assist the choice of a suit-
able extractant. Thus, identification of the complexes present
in the PLS is essential for understanding of the reaction
mechanism and to develop an efficient process. Aluminium
(1), cobalt(u), copper(1), copper(u) and lithium(r) chloride salts
were dissolved in the choline chloride-citric acid DES. The
cobalt(n), copper(i) and copper(in) complexes were coloured
and could be investigated by UV-VIS absorption spectroscopy,
whereas the aluminium(m) and lithium(i) complexes are spec-
troscopically silent. Therefore, speciation of the complexes in
the PLS was based on cobalt and copper. Fig. 4 compares the
absorption spectra of the dissolved copper(i)- and copper(i)
chloride salts with the spectrum of dissolved copper metal.
The peak shapes and the wavelengths of maximum absorbance

Absorbance

350 400 450

Wavelength (nm)

250 300 500

Fig. 4 Optical absorption spectra of CuCl (red curve) and CuCl, (blue
curve) dissolved in the choline chloride—citric acid DES. The black lines
is the absorption spectrum of the copper species formed by dissolution
of copper metal in the DES. DES: ChCl:CA 2:1 +35 wt% H,O.
Concentrations of the dissolved copper ions in the DES areca. 1 g Lt
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of copper(r) chloride and copper metal are quite similar, indi-
cating that copper(i) chloride complexes are probably predomi-
nantly formed during leaching of LiCoO, with aluminium and
copper by the choline chloride-citric acid DES. The dissolution
of copper metal in a choline chloride-ethylene glycol DES is
described by Green et al.*° These authors describe the compro-
portionation/disproportionation equilibrium between copper
(1)- and copper(u) chlorides, with the former being the domi-
nant species. This is supported by the smaller absorption
band at about 405 nm, which is characteristic for the tetra-
chlorocuprate() complex.*®**#! The intensity of this absorp-
tion band decreases when copper(i) chloride is dissolved but is
still slightly present, indicating the copper(1)-copper(u) equili-
brium.®® Moreover, the copper(n) oxidation state is stable in
aqueous media, even at low chloride concentrations whereas
monovalent copper(i) is only stable at higher chloride concen-
trations (>1 mol L™",**" like in the DES). This supports the
fact that copper(1) chlorides can be formed in the DES. These
high chloride concentrations cause copper corrosion by
surface adsorption of the chloride ions, followed by a dis-
solution reaction.®>*>®® Thus, copper is most likely dissolved
by the DES via a combination of corrosive chloride attack and

e 80 i i /:ﬁSPIOpO] tionatio e(lllilib] .
described as: ,85,86 t
Cu [CUCLJ — Z[CUCIZ]7 (5)

Fig. 5 compares spectra of cobalt(u) and copper(i) chloride
salts with the spectra of the PLS. The latter spectra showed the
typical absorption bands of the tetrachlorocobaltate(i)
complex at 590-735 nm, a copper(u) chloride band at 405 nm
and a copper(i) chloride band at 275 nm, as well as a peak at
240 nm with unknown origin.*® Quantification of tetrachloro-
cobaltate(u) in the PLS via UV-VIS absorption spectroscopy was

, - --CoCl,
4t == cucl
'l!\ ............ COC|2 + CuCl
1 L
o™ .
—r\ . [ -.}\
0 = = TToemrTne S, .

Absorbance

400 500 600 700

Wavelength (nm)

300

Fig. 5 Optical absorption spectra of the DES pregnant leach solution.
DES: ChCl: CA 2:1 +35 wt% H,O. Input concentrations CuCl, CoCl; ca.
2 g L™, the PLS was diluted 40 times. Metal chloride salts (above) com-
pared with the spectra of the PLS (below) with and without the Al
and Cu.
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done by first dissolving different amounts of CoCl, in a
35 wt% water diluted choline chloride solution to exclude for-
mation of citrate complexes, followed by calibrating the
590-735 nm spectral region and quantification (the calibration
curve together with spectrum can be found in the ESI
Fig. S17). This result was compared with the quantification of
cobalt in the PLS by ICP-OES. The quantification by UV-VIS
and ICP-OES resulted in a cobalt(u) concentration of 12.5 g L™"
and 12.7 g L' respectively. Comparison of these two values
confirms that cobalt(u) is nearly quantitatively present as tetra-
chlorocobaltate(nr) in the PLS. The dominance of the latter
complexes was also described by Tran et al., in a choline chlor-
ide-ethylene glycol based DES.*” Furthermore, this also shows
that the peak at 240 nm in Fig. 5 is most likely not related with
cobalt complexation, but is probably associated with the
absorption by organic compounds such as citric acid.

Comparison of DES and conventional HCI leaching

Fig. S2t indicates that choline chloride or citric acid are poor
lixiviants on their own, and these results show that both
protons and chloride anions are necessary for efficient dis-
solution of LiCoO,. Therefore, hydrochloric acid (HCl) is a
commonly used as lixiviant for LIB.>**°° The leaching behav-
iour of hydrochloric acid at similar optimised conditions was
compared with that of the choline chloride-citric acid DES
(Fig. 6). Although the citric acid concentration in the DES is
about 3.6 mol L™, a lower HCI concentration of 1 mol L™ was
selected for the experiments, because higher HCI concen-
trations resulted in very fast leaching, accompanied with vigor-
ous gas formation and splashing of the solution, making accu-
rate data collection difficult (see Fig. S37). Fig. 6 shows that
hydrochloric acid is less selective; aluminium metal is dis-
solved almost instantly. Moreover, comparison of the first data
points (after ca. 1 min of leaching) shows that about 45% of
the cobalt is leached in both cases. However, the leaching by

—m— Al 100 &
—o—Co g0

——Cu 60

—A—Li 40 a

20

0

% L

100
80 1
60
40 b
20

660 8(I)O 10100 12I00 14b0

Time (min)

0 200 400

Fig. 6 Comparison between leaching with leaching of LiCoO, by DES
and HCl solution. Top: DES leaching (ChCl:CA 2:1 +35 wt% H,O).
Bottom: Leaching with HCL 1 mol L™, Leaching parameters: S:L = 20 g
L% 40 °C, Al: LiCoO, = 12 wt%, Cu: LiCoO, = 24 wt% at a stirring rate
of 900 rpm.
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the DES shows clearly that leaching is enabled by cobalt(i)/
copper redox reactions, while this is not the case for leaching
with hydrochloric acid. In the latter case, cobalt(m) is most
likely reduced to cobalt(u) by chloride anions, which are oxi-
dised to chlorine gas.

Both series of experiments were performed in open vials
with a chlorine gas detector positioned above them. Chlorine
gas was detected only during hydrochloric acid leaching. This
supports the hypothesis of a redox reaction between cobalt (i)
and chloride ions. Aluminium dissolves much faster in hydro-
chloric acid than in the DES because it favours reduction of
protons, this tendency is higher due to the higher acidity of
hydrochloric acid compared with the DES.>*”"°" Fig. S4} con-
firms these assumptions. Thus, hydrochloric acid leaches
faster than the DES, but is less selective and is more hazardous
due to the chlorine gas formation. Although chloride anions
are present in the DES as well, chlorine gas formation in the
DES is unlikely because these anions are retained by hydrogen
bonds.*”> The chloride anions of the DES stabilise cobalt(m)
cations and have no significant reducing power. The presence
of copper metal is the decisive parameter during leaching by
the DES because it reduces cobalt(mr), while the latter is mainly
done by chloride anions along hydrochloric acid leaching.
This comparison shows that the role of the metallic current
collectors (copper and aluminium) in the leaching process is
different for DES and hydrochloric acid leaching. These metals
dissolve LiCoO, in the DES by reducing cobalt(m), with copper
metal being the more effective reducing agent, while their dis-
solution in hydrochloric acid is mainly controlled by acidity.
Hence, leaching with DES is a more selective, safer and milder
approach than conventional leaching with hydrochloric acid.
However, leaching of LIB in aqueous solutions is still indust-
rially favoured due to the higher possible S:L ratios, lower
viscosities and lower energy consumption compared with DES
systems.

Mechanism of leaching of LiCoO, by DES in the presence of
copper and aluminium

After parameter optimisation and identification of the metal
complexes, the mechanism of leaching of LiCoO, by the
choline chloride-citric acid DES can be formulated (Fig. 7).
Protons of citric acid and chloride anions of choline chloride
in the DES attack the crystal structure of LiCoO,. The leaching
is accelerated by copper metal, which reduces cobalt(m) to
cobalt(u) and gets oxidised to mainly copper(i), which is in
equilibrium with copper(n) and is stabilised by chloride
anions. The copper(i/n) complexes formed during the dis-
solution reaction are reduced to metallic copper by metallic
aluminium via cementation. This partially regenerates copper
and copper becomes available for further cobalt(ur) reduction
until complete dissolution of LiCoO,. Aluminium metal
reduces protons as a side reaction, causing hydrogen gas for-
mation. Furthermore, chloride anions stabilise cobalt(u) by
forming chloro complexes, with tetrachlorocobaltate(u) being
the predominant species. Although aluminium(ur) and lithium
(1) chloro complexes could not be identified by absorption
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Fig. 7 Schematic representation of leaching of lithium cobalt oxide
(LiCoO,) by a choline chloride—citric acid DES, in the presence of alu-
minium and copper metal.

spectroscopy because they do not absorb in the UV-VS spectral
region, the formation of chloro complexes with these metal
ions can be excluded because of their strong affinity for water
molecules.’>

Non-aqueous solvent extraction process for cobalt(u) recovery

Because the relatively high chloride concentration in the DES
caused the dominant formation of anionic tetrachlorocobal-
tate(n) complexes, the anion-exchanging extractant A336 is an
obvious choice to extract cobalt from the PLS.’*** Notice that
we use here direct solvent extraction from a DES with a water
content lower than 50 vol%, thus not from an aqueous phase,
hence the extraction process can be labelled as non-aqueous
SX. It is common practice to use aromatic diluents for extrac-
tions by A336 because the solubilities of A336 and the
extracted metals complexes in toxic aliphatic diluents are too
low. To avoid the use of these aromatic diluents, we decided to
use undiluted A336 as extracting phase. Prior to use, A336 was
saturated with water to reduce its viscosity. The efficiency for
cobalt(n) extraction is high, but copper is unfortunately co-
extracted as well. Undiluted A336 extracted 82% of cobalt(u)
and 41% of copper(i/n) from the PLS that contained 1.0 g L™"
aluminium(m), 12.1 g L™" cobalt(u), 4.7 g L' copper(i/u) and
1.1 g L7' lithium(1). Co-extraction of aluminium(m) and
lithium(i) was insignificant, since their quantities were below
the ICP-OES detection limit. To avoid this co-extraction of
cobalt and copper, copper(i/u) was firstly extracted from the
PLS using the chelating extractant LIX 984. LIX 984 is a com-
mercially oxime-based mixture which is widely used as copper
extractant.”>°® Since most pure extractants are viscous, they
are in general diluted. Therefore, LIX 984 was diluted in an ali-
phatic diluent (Shell GS190) and optimisation of its concen-
tration is shown in Fig. 8. Shell GTL diluents are bio-
degradable and show low ecotoxicity.>®°” Fig. 8 indicates that
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Fig. 8 Optimisation of the LIX 984 concentration in the aliphatic
diluent during extraction of metals from the PLS. Initial metal concen-
trations in the PLS: Al(n) .0 g L™, Co(1) 12.1 g L™, Cu(/n) 4.7 g L™ and Li
() 1.1 g L™ Equal phase ratio was used. Equilibration time = 30 min,
shaking speed = 2250 rpm, room temperature.

60 vol% LIX 984 in an aliphatic diluent extracts about 92%
copper(i/u) with co-extraction of the other metals below 7%.
This concentration was used in further experiments, LIX 984
extracts copper(i/u) via chelation and proton exchange. Protons
of the citric acid in the DES are consumed during leaching.
The proton exchange reaction during the solvent extraction
step transfers protons to the DES, enabling to regenerate the
DES so that it can be reused in the new leaching step. It was
not confirmed that LIX 984 extracts copper(i) or copper(i)
species, because ICP-OES cannot distinguish metal oxidation
states. The purpose of this purification step is to remove
copper ions quantitatively, regardless of their oxidation states.
Hence, this first extraction step with LIX 984 showed to be an
essential step in the non-aqueous solvent extraction flow
sheet. Variation of the (Viixosa : Vers) phase ratios showed that
a LIX 984 (60 vol%) to PLS volume ratio of 1.5 was an optimum
condition for complete copper removal (>99.9 %E). In a next
step, 85% of the cobalt(u1) was extracted from the PLS raffinate
with undiluted water-presaturated A336, with co-extraction of
insignificant amounts of aluminium(m) and lithium(i).
Selective extractions by LIX 984 or A336 are usually established
by controlling the pH or the chloride concentration of the PLS
respectively. The former is often done by adding alkaline com-
pounds (when a PLS is obtained after leaching by mineral
acids), the latter by dissolving a chloride salt or by adding
hydrochloric acid.’®®® As mentioned, these additional adjust-
ments were avoided by preparing the DES at a choline
chloride : citric acid ratio of 2:1. Hereby the suitable range of
pH and chloride concentration were obtained for copper and
cobalt extraction by LIX 984 and A336 respectively. However, it
is important to mention that higher extraction efficiencies
could be obtained via further increasing the phase ratio
(Vorg : Vers) or by simulating both extractions in mixer-settlers
via a continuous multistage counter — current circuit. This
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latter approach is known to increase both the selectivity and
efficiency of extraction processes.”®'%*'°! Furthermore, since
increasing the phase ratio would dilute the metal of interest in
further downstream processes, a counter - current extraction
operation would be the most suitable approach.

As mentioned above, copper(i/u)- and cobalt(u) oxalate pre-
cipitates are easily formed.*>>” Therefore, oxalic acid was
used to strip and precipitate copper from the loaded LIX 984
phase and cobalt from the loaded A336 phase.'*® Fig. 9 shows
that 0.25 mol L™' oxalic acid is efficient to precipitate
copper(i/u) and cobalt(u). TXRF analysis of the light organic
phases after oxalic acid stripping showed negligible concen-
trations of copper and cobalt. Thus, both metals could by
quantitatively stripped and precipitated by a 0.25 mol L™*
oxalic acid solution, causing the regeneration of their corres-
ponding light phases. The solubilities of both aluminium(m)
and lithium(i) oxalate precipitates are higher than cobalt(u)
and copper(i/un) oxalate precipitates.>*'°> Moreover, ICP-OES
analysis confirmed that aluminium(in) and lithium(r) were not
extracted by A336. Therefore, the purity of the cobalt(u) oxalate
precipitate was determined by measuring the metal content of
the supernatant after stripping of A336 with ICP-OES and
assuming that only cobalt(i1) was precipitated (since all copper
(/) was previously removed), which resulted in a purity of
99.9%. However, XRD analysis of the isolated precipitate
would be a more straightforward approach. The aqueous waste
that is generated after filtering these precipitates would only
contain free oxalic acid molecules, due to the high precipi-
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x
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Fig. 9 Efficiencies of stripping precipitation of metal oxalates at
different oxalic acid concentrations. (a) Cu(/u) oxalate formation by
stripping from loaded 60 vol% LIX 984 in an aliphatic diluent and (b)
cobalt(i) oxalate formation by stripping from loaded undiluted water-
presaturated A336. The loaded LIX 894 and A336 contained 4.7 g L™
Cu(i/n) and 9.8 g L™ Col(i). Phase ratio = 1:1, equilibration = 30 min,
shaking speed = 2250 rpm, room temperature.
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tation efficiencies and the low cobalt(u)- and copper(i/n)
oxalate solubilities.>® These free oxalic acid molecules were not
consumed to produce the oxalate precipitates. So in principle,
the aqueous waste residue after stripping copper(i/ir) from LIX
984 and filtering the precipitate could be used to strip cobalt
() from A336 and vice versa. However, it is important to opti-
mize this recycling approach in order to estimate the amount
of oxalic acid that should be added after a certain number of
cycles to compensate for the loss that is made during the for-
mation of these precipitates, and thus ensure an efficient re-
cycling. Oxalate precipitates can easily be converted to their
oxide forms by a calcination step. The latter is very effective for
cobalt(u) oxalate, since cobalt(u) oxide is a common lithium
cobalt oxide precursor.”®*® The final DES raffinate contained
ca. 1.0 g L™" aluminium(m) and lithium(i), which could both
be recovered via non-aqueous SX and/or precipitation.
Aluminium(m) could be selectively extracted from the final
raffinate by acidic extractants such as D2EPHA, C272 or
Versatic 10.°>'%* This is because the acidity of the DES is
approximately in the preferred pH range for Al(m) extraction by
these extractants, while lithium(1) is extracted at much higher
pH values and will therefore stay in the DES raffinate.>*"%>1%¢
Lithium(i) could then be recovered in the next step by adding
sodium carbonate in order to precipitate lithium()
carbonate.”'**'%  Another approach would be to extract
lithium(1) first from the final raffinate by alcohols such as
n-butanol or 2-ethylhexanol, which are known to extract
lithium(1) selectively in the presence of aluminium(m)."*”"%®
Hereafter, aluminium(m) could be extracted by acidic extrac-
tants as mentioned above. These secondary recovery routes
were not further investigated, since the focus of this manu-
script is on cobalt(u). However, the removal of both metals
from the final raffinate is crucial for the recycling of the DES
as lixiviant for the next leaching cycle. Furthermore, this
manuscript confirmed that, apart from the reducing agents,
the leaching of cobalt(u) from LiCoO, is also influenced by
chloride anions and protons. As mentioned, the former is
given by choline chloride and the latter by citric acid in the
DES. So it is important to investigate the amount of these com-
pounds that are lost during the entire process and take this
into account for the recycling. For example, acidic protons are
consumed during leaching, this is partially compensated by
LIX 984 that donates protons back during extraction. However,
a major drawback of non-aqueous SX is the mutual solubility
between the used heavy- and the light phases.”® Determining
the solubility of choline chloride and citric acid in 60 vol% LIX
984 and pre-saturated A336 would result in the estimation of
the lost amounts of these DES components. The latter will
provide the amount of choline chloride and citric acid that
should be added each cycle to ensure an efficient recycling.

Conclusion

A choline chloride-citric acid DES, prepared at a 2:1 molar
ratio and diluted with 35 wt% water, was found to be an
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efficient lixiviant for lithium cobalt oxide (LiCoO,) in the pres-
ence of metallic aluminium and copper. The optimised leach-
ing conditions were 60 min of leaching at 40 °C with a solid-
to-liquid ratio of 20, which ensured to leach more than 98%
cobalt(u) of the LiCoO,. The effect of current collectors alu-
minium and copper on the leaching efficiency was investi-
gated, confirming that copper is the decisive reducing agent
for cobalt(mr). Aluminium is not as effective as copper for
reduction of cobalt(m) because it mainly reacts with protons to
form hydrogen gas. Speciation studies showed that the domi-
nant species in the pregnant leach solution (PLS) were chloro
complexes of copper(i/u) and cobalt(u). Study of the leaching
mechanism show that the necessary components for leaching
of LiCoO, are: (1) a reducing agent to reduce cobalt(u) to
cobalt(n), (2) chloride anions to form metal chloro complexes
and (3) protons to react with oxide ions to form water mole-
cules. In the choline chloride-citric acid DES, choline chloride
acts as chloride source and citric acid as proton source.
Leaching of LiCoO, with the DES and hydrochloric acid were
compared. The advantage of leaching with DES is that no
chlorine gas evolves, but leaching is slower than when hydro-
chloric acid is used. Reduction of cobalt(ui) in the DES is pre-
dominantly controlled by copper metal, while part of the
reduction of cobalt(m) is achieved by oxidation of chloride
anions to toxic chlorine gas in hydrochloric acid. Copper and
cobalt could be recovered from the PLS by non-aqueous
solvent extraction by LIX 984 and A336 respectively; without
using additional components to control the pH and chloride
concentration of the PLS. The metals could be stripped from
the loaded organic phase by an oxalic acid solution. Schematic
overviews of entire process and the recovery yields of all the
involved metals during the entire flowsheet are shown in
Fig. 10 and Fig. S5,1 respectively. The choline chloride-citric
acid DES leaches 38% aluminium(m), 98% cobalt(u), 94%
copper(/u) and 93% lithium(1). Subsequently, copper(/u) is
quantitatively extracted by 60 vol% LIX 984 with 5% co-extrac-
tion of the other three metals. A336 extracted 85% cobalt(m)
from the remaining raffinate with no co-extraction of alu-
minium(m) and lithium(r). Oxalic acid quantitatively precipi-
tated both cobalt(u) and copper(i/u) from their corresponding

LiCoO,
Al Cu

ChCl:ICA (2: 1)

35wt% H,0  LIX 984 recycle|0.25 M H,C,0,

1h,40°C TEEE T A336 recycle

' LIX 984 Cu ] 0.25M HZO
Al(lI1) Co(1) PLS  |100 vol% A336
Cu(1/11) Li(1) Raffinate
Al Co(ll) PLS
o o Lifl) Raffinate
in aliphatic diluent AI(I) Li(1)

Fig. 10 Conceptual flow sheet for the solvometallurgical recovery of
cobalt () from LiCoO, by a choline chloride—citric acid DES.
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loaded organic phases, resulting in a total recovery yield of
81% cobalt(ur) and 94% copper(i/u1) as oxalate precipitates, with
a cobalt(u) oxalate purity of 99.9%. Approximately 95% of alu-
minium(m) and lithium(r) remained in the final DES raffinate.
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