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A cornerstone of the decarbonisation agenda is the use of lithium ion batteries, particularly for electric
vehicles. It is essential that effective recycling protocols are developed and this includes the ability to
selectively digest and recover components of the cathode materials, most commonly including manga-
nese, cobalt and nickel. This study shows a method by which nickel oxide can be efficiently separated

Received 14th February 2022,
Accepted 20th May 2022

DOI: 10.1039/d2gc00606e

from cobalt and manganese oxides using an oxalic acid-based deep eutectic solvent. The subsequent
addition of water to the pregnant solution enables the co-precipitation of cobalt and manganese oxalates.
This permits a route to the reformulation of the active materials from high cobalt and manganese content
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1. Introduction

Over the past 30 years, the demand for lithium ion batteries
(LIBs) in electric vehicles (EVs) has increased significantly due
to their role in reducing greenhouse gas emissions,"” with
many countries banning the sale of new petrol or diesel
vehicles from 2030.>* As of 2017, there were 3 million electric
vehicles in the global stock, with a projected growth estimate
predicting that if all EV targets are met then by 2030, there will
be ca. 230 million electric vehicles on the road.” The high
content of critical metals such as cobalt and nickel means that
at the end-of-life (EoL), these batteries will need to be recycled.

Current processes include pyrometallurgy, which recovers
cobalt, nickel, and copper in the form of a metal alloy, which
can then be further processed to produce LiCoO,. While pyro-
metallurgy allows for the easy processing of different battery
chemistries and cell types, the recycling efficiency is lower
than hydrometallurgical processes due to the downcycling of
manganese, aluminium, and lithium.®® Hydrometallurgical
approaches are known for their ability to be highly selective
towards different metals, but can involve complex multi-step
recovery routes.”'® The leaching of metals from spent LIBs has
been reviewed many times,"'"® and several processes have
been applied on a semi-commercial scale (1000-5000 t/a)."
The most common leaching agents are strong acids, such as
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HCI, HNO3;, and H,SO,, with H,0, often added as a reducing
agent.'® Copper has also been used as a reducing agent of
lithium cobalt oxide (LCO) in H,SO, leaching, with the advan-
tage that it is already present in battery waste."® Alkaline solu-
tions of NaOH or LiOH are also employed to dissolve the alu-
minium current collector prior to acidic leaching in order to
improve the purity of the final products."”'® An alternative
method to improve the quality of the waste stream involves
ultrasonic delamination of the active materials from the
current collectors, which retains the current collectors in their
metallic (and more easy to recycle) state.'® Separation of
current collectors and active materials has also been achieved
via binder dissolution using solvents such as N-methyl pyrroli-
done (NMP), although it is expensive and toxic. More recently,
alternative solvents such as dimethyl isosorbide (DMI) have
been investigated due to their less toxic nature.>’ Organic
acids such as citric acid, maleic acid, ascorbic acid, L-tartaric
acid and oxalic acid have also proven to be successful in
extracting metals from spent LIBs,*' and can exhibit higher
metal leaching selectivity.'®**>® Bioleaching processes, in
which fungi such as Aspergillus Niger and Penicillin simplicissi-
mum produce these organic acids, have also been applied to
LIB leaching. However; longer leaching times and sterilisation
requirements limit their applications.**>*

An alternative route involves the use of ionometallurgy,
where ionic liquids (ILs) or deep eutectic solvents (DESs) are
employed instead of traditional aqueous processes. There have
been numerous investigations into the dissolution of metal
oxides in IL and DES media,>* *° including more industrially
applicable studies on electric arc furnace dust,*® flue dust,*’
and lamp phosphors.*> DESs formed from choline chloride
with ethylene glycol, urea, or glycerol have recently been used
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to digest the cathode black mass from spent Ni-MH bat-
teries,>® LCO, and lithium nickel manganese cobalt oxides
(LINMC), with a leaching efficiency of up to 99.3%.>* Peeters
et al.’ reported the use of a citric acid : choline chloride system
for the leaching of LCO with the presence of aluminium or
copper as reducing agents. Non-aqueous solvent extraction,
followed by stripping of the organic phase with aqueous oxalic
acid solution resulted in a total recovery yield of 81% cobalt as
the oxalate species, with a purity of 99.9%. The use of a
neutral DES such as ethylene glycol : choline chloride has been
reported with a hydrothermal reactor followed by solvent
extraction to recover LINMC.?> The use of a thiourea-based
DES has also been investigated by Chen et al. for the dis-
solution of LCO.*® Hydrophobic DESs have also been investi-
gated, as they can be used in place of common solvent extrac-
tion solvents.>” The advantages of using DESs in metal oxide
dissolution include the possibility of recycling the DES, greater
selectivity than traditional inorganic acids, less aqueous waste
and avoiding emission of harmful gases.”***%3° DESs used in
conjunction with ultrasound have also been reported, with the
advantage of increasing the reaction speed via increasing the
metal oxide surface area and mixing.*°

Previous work showed that selective dissolution of metal
oxides is possible in a range of choline chloride-based DESs,
based on careful selection of the hydrogen bond donor (HBD)
and solvent pH.*®* Of special interest was the oxalic acid
dihydrate : choline chloride (OxA:ChCl) system, which dis-
played the ability to rapidly dissolve very high concentrations
of MnO,, MnO, Co;0, and CoO (up to 0.1 mol dm™ within
the first hour) due to the low pH value of the solvent, whilst
barely affecting NiO within the same timeframe. More specifi-
cally, the concentrations of dissolved MnO, and Coz;0, were
between 250 and 750 times higher than the concentration of
NiO. It was also proposed that this behaviour could also be
applied to the leaching of the active materials from end-of-life
LIB cathodes and recovery as useful chemical precursors that
can be returned to the supply chain. In addition, OxA has been
employed in many recycling processes as both a leaching and
precipitating agent,*"** as the oxalate end-product can easily
be transformed into an oxide upon heating at 950 °C.*
Therefore, in the present work, a protocol for the separation
and recovery of the critical elements manganese, cobalt and
nickel from LiNMC using a DES formed from a 1:1 molar
ratio of OxA : ChCl is developed.

2. Experimental
2.1 Solvent preparation

The deep eutectic solvent (DES) (referred to hereafter as
OxA : ChCl) was synthesised by mixing choline chloride (ChCl)
(Acros Organics, 99%) with oxalic acid dihydrate (OxA) (Alfa
Aesar, 98%) in a 1:1 molar ratio at a temperature of 50 °C,
until a colourless homogenous liquid had formed. The liquids
were then used directly to avoid the time- and heat-related
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esterification that has been observed to take place with acidic
DESs.*

2.2 Leaching and precipitation experiments

To make the synthetic LIB leachates for developing the recov-
ery process, Co3;O, (Alfa Aesar, 99%) and MnO, (Acros
Organics, 99%) were dissolved in OxA: ChCl, using a solid-to-
liquid (S:L) ratio of 1.98 g L' manganese and 1.83 g L™
cobalt (0.030 mol kg™* Mn and 0.026 mol kg™ Co). This
equates to the molar ratio of cobalt and manganese found in
LiNMC-532, without saturation of the solvent, and will avoid
any nickel contamination of the precipitates. The mixture was
stirred at 80 °C for 48 hours in a sealed container, using a
sand bath to ensure a constant temperature. To initiate pre-
cipitation, deionised water or aqueous solutions of 0.5, 1.0,
and 1.8 mol dm™ (1.5 mol kg ") oxalic acid were added to the
pregnant leaching solution (PLS) in a PLS: anti-solvent volume
ratio of 1:1. The resulting precipitates were subsequently fil-
tered, rinsed with deionised water (50 °C), and then dried in
an oven at 50 °C overnight. Each experiment was carried out
three times to ensure reproducibility.

To determine the optimal solid : liquid (S:L) ratio of syn-
thetic LINMC (98%, <0.5 pm particle size, Sigma Aldrich) and
solvent for leaching, S: L ratios of 5, 15, 25, and 33 g L™" were
tested. The LINMC was added to an 80 °C solution of
OxA:ChCl and stirred at 300 RPM up to a maximum of
5 hours. Aliquots (1-3 mL) of the solution were taken at
various time intervals (10, 20, 40, 60, 120 and 240 min) using
luer-lock syringes (2 mL polypropylene, Fisherbrand), then fil-
tered with Nylon syringe filters (0.2 pm, 30 mm,
ThermoScientific) into a sample vial. An aliquot (10 pL) was
immediately taken with a positive displacement pipette for
ICP-MS analysis and stored in dil. 2% HNOj;. This was to
ensure that an accurate sample was taken before precipitation
occurred upon cooling of the solution. It was assumed that the
S:L ratio did not change in the pregnant leachate solution
(PLS) with the removal of aliquots.

2.3 Instrumentation

The speciation of the metals in the pregnant leachate solutions
were identified using UV-Visible spectroscopy (UV-Vis) on a
Mettler Toledo UV5 Bio spectrometer (Fig. S1T). These spectra
were then compared to the spectra of known species. Quartz
cuvettes with path length 1 cm were used, except where the
sample was very concentrated and dilution with the same DES
resulted in a change of colour. In these instances, quartz
slides with a path length of 0.1 mm or 0.5 mm were used
instead. Calibration curves were constructed from solutions of
CoCl,-6H,0 in EG: ChCl, using concentrations from 0.001 to
0.1 mol dm™ and plotted against the absorbance at the
694.6 nm maximum.

The pure LINMC was characterised using inductively
coupled plasma mass spectrometry (ICP-MS) using a Thermo
Scientific iCAP Qc ICP-MS. The material was first digested in
aqua regia at ambient conditions for 30 minutes. The resulting
solutions were then diluted 1000 times in 2 vol% nitric acid

This journal is © The Royal Society of Chemistry 2022
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(TraceMetal Grade, Fisher Scientific), with an additional 10
times dilution if needed. To determine the metal content and
ratios in the different precipitates, approximately 10 mg of
sample was digested in 2-3 mL of 1 mol dm™ HCI at ambient
conditions for 1 hour. The resulting solutions were then
diluted 1000 times in 2 vol% nitric acid, with an additional 10
times dilution if needed. Calibration lines of each element
between 10 and 3000 ppb were determined using dilutions of
a multi-element reference solution 2A (SPEX CertiPrep, 99%),
and the internal standards (spikes) in each solution were
0.1 ppm of both lanthanum (Fisher Scientific, 1000 pg mL™"
in 2-5% HNOj;, SPEX CertiPrep™) and rhodium (Merck, 10 mg
kg™' Rh in HNO3).

To determine the identity of the compounds present in the
precipitates, they were analysed using powder X-ray diffraction
(XRD), infrared spectroscopy, scanning electron microscopy
(SEM) and energy dispersive X-ray (EDX), and thermo-
gravimetric analysis (TGA). XRD patterns were recorded using
a Phillips model PW 1730 X-ray generator, and the species
present were identified through comparison to literature data
available in the associated DIFFRAC.EVA software database.
The infrared spectra were measured using a Bruker Alpha II
spectrometer with a Platinum ATR and OPUS software, over
the range of 200-4000 cm™", with 24 scans per sample and a
resolution of 4 cm™".

The thermal properties of the precipitates were investigated
using a Mettler Toledo TGA/DSC1 machine with a resolution
of +1 pg and maximum temperature of 1100 °C, controlled by
STARe software (version 12.10). The balance used to weigh the
samples was a Mettler Toledo Semi-Micro Balance (MS105DU),
with a resolution of 0.1 mg. Samples of ca. 5 mg were placed
in 70 pL alumina (Al,O3) crucibles with no lid and packed
down with a steel rod. The heating program used was from
25 °C to 550 °C, at a heating rate of 10 K min™", and a gas flow
of 50 mL min~" of N,. In order to counter the buoyancy effect
generated by heating the air inside the furnace, a background
subtraction method was employed when testing the samples.
All measurements were taken in triplicate to allow the calcu-
lation of experimental error.

The morphology and elemental composition of the precipi-
tates and black mass were investigated with SEM and EDX
with a FEI Quanta 650 FEG in backscattered electron mode at
20 kv and 5 nm spot size, with Aztec controlling software. The
precipitates were first carbon coated using an Emitech K950X
to ensure that a conductive layer was present to obtain the
images.

3. Results and discussion

3.1 Optimum dissolution parameters for LINMC in
OxA : ChCl

The temperature, water content, solid-to-liquid (S : L) ratio, and
time for digesting LINMC in oxalic acid dihydrate: choline
chloride (OxA:ChCl) were optimised initially using just the
pure powdered material to avoid any issues related to encapsu-

This journal is © The Royal Society of Chemistry 2022
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lation caused by the polymer binder present in LIB active
materials. Fig. 1a shows the effect of temperature on the dis-
solution of LINMC powder after 24 h. An increased tempera-
ture increases metal oxide dissolution due to improved mass
transport from lower viscosity (149 mm? s~ at 40 °C, vs.
28 mm? s™" at 100 °C),** and also because of a general increase
in the reaction rate constant, as described by the Arrhenius
equation. It can be seen that temperatures of ca. 80 °C are
required for complete leaching of cobalt and manganese,
while the leaching of lithium also benefits from an increase in
temperature. Nickel, however, has poor leaching behaviour
across all temperatures. This could be due to poor solubility of
the nickel oxide species in OxA : ChCl, or alternatively that dis-
solved nickel ions immediately precipitate out as insoluble
nickel oxalates.?® It was not possible to confirm the identity of
this residual solid, as washing it with water, alcohol (ethanol,
methanol) or oxalic acid solution resulted in immediate pre-
cipitation of mixed cobalt/manganese species from the
residual PLS. Non-polar organic solvents were found to be
immiscible with the DES. While this precipitation is inconveni-
ent for the purposes of recovering and characterising the undi-
gested material, it does, however, present interesting options
for the recovery of cobalt and manganese from solution via the
use of an anti-solvent to induce precipitation.

The effect of water content on LiNMC dissolution was inves-
tigated, as it is known that an esterification reaction between
the carboxylic acid and the alcohol group of the choline can
occur.** This increased water content will decrease the vis-
cosity of the DES, hence improving mass transport, but may
also reduce the solubility of the metal ions by forming metal
oxalates. Fig. 1b shows the effect of an additional 10, 20 and
30 wt% water (corresponding to a total water content of 23.5,
33.5 and 43.5 wt%, respectively) on LINMC dissolution. The
leaching behaviour of LINMC in an aqueous 1.8 mol dm™>
solution of oxalic acid is also compared. It can be seen that Ni
dissolution is unaffected by water content, whereas the leach-
ing of lithium increased to 100% when greater than 30 wt%
water was added.*® The solubility of cobalt and manganese
declined sharply upon addition of water, through the for-
mation of insoluble precipitates. This decrease is more signifi-
cant for cobalt than for manganese, with a decrease from
almost 100% solubilisation to ca. 15% with the addition of
only 10 wt% water. The decrease in solubility for manganese
only changes from ca. 90% to 50% soluble species. Therefore,
it is most optimal for leaching to be carried out in OxA: ChCl
with no additional water.

The effect of leaching time is shown in Fig. 1c, for
OxA:ChCl at 80 °C with no additional water. It can be seen
that the maximum concentrations of all elements were
reached within 5 hours, with manganese and cobalt being
fully leached. Therefore, the optimal dissolution conditions
are proposed to be: 80 °C for up to a maximum of 5 h, with no
added water.

The S:L ratio is important as it controls the cost of the
process. The effect of S: L ratio using the optimal dissolution
conditions of 80 °C, up to a maximum of 2 h, with no added

Green Chem., 2022, 24, 4877-4886 | 4879
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Fig. 1 Dissolution of LINMC powder in OxA : ChCl with respect to variable: (a) temperature, (b) total water content and (c) and (d) time. For (a) and
(b), the leaching time was 24 h. For (b) and (c), the temperature was 80 °C. For (a) and (c) no extra water was added. For all systems, S:L = 33 g L™t

and the stirring rate was 500 rpm.

water was investigated, using S:L ratios of 5, 15, 25, and 33 g
L~ (Fig. 2). It was found that at least 80% leaching efficiency
for cobalt and manganese in all four systems was reached
within 2 hours. However, lithium leaching was more depen-
dent on the S:L ratio, with higher amounts of solid resulting
in poorer dissolution. This is probably due to the species that
lithium is forming in solution, as it will require at least
4 molar equivalents of water or oxalic acid to properly form the
first hydration shell.” Therefore, for maximum leaching
efficiency in the minimum sensible amount of solvent, we
propose the use of: a §: L ratio of ca. 15 g L.

To alter the material composition from an NMC ratio of
1:1:1to 8:1:1, 70% of the Co and Mn needs to be removed.
As it was not possible to directly analyse the residual solids
due to contamination with precipitated metal oxalates during
washing stages, leaching efficiency (and residue composition)
was instead determined from ICP measurements of the PLS.
Fig. 2 shows the leaching efficiency of metals into solution,
and hence shows that the necessary 70% leaching of Co and
Mn can be achieved within 5 minutes, even under relatively
mild reaction conditions. Although in industrial processes
with mixed feedstock materials it would be preferable to fully

4880 | Green Chem., 2022, 24, 4877-4886

leach all materials, it could be beneficial to adapt a continuous
flow process for a feedstock of NMC 1:1:1 as this will signifi-
cantly reduce the processing times. The remaining black mass
could then be calcined with lithium hydroxide or carbonate to
form LiNMC 8:1: 1, whilst the leachate containing Mn and Co
is treated separately to produce precursor chemicals for other
industries or cathode blends.

3.2 Recovery of Co and Mn through precipitation

As Ni has low solubility in OxA:ChCl, a synthetic leaching
system containing 1.98 ¢ L™' manganese and 1.83 g L™" cobalt
was prepared and used to test different precipitation para-
meters. The anti-solvents used were deionised water, and
aqueous solutions of 0.5, 1.0, and 1.8 mol dm™ OxA, all at
room temperature. The effect of solid oxalic acid dihydrate was
also tested, and it was found that the oxalic acid remained as a
solid and did not induce precipitation of metal oxalate com-
plexes. Upon the addition of each of the anti-solvents to the
blue PLS in a volume ratio of 1:1 PLS-to-anti-solvent, a pink
solution developed within seconds, along with the formation
of a pink precipitate (Fig. 3). After 1 hour under static con-
ditions, all solutions contained pale pink precipitates with no

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Dissolution of LINMC synthetic powder in OxA : ChCl at 80 °C as a function of time, at S: L ratios of (a) 5g L™, (b) 15 g L™, (c) 25 g L%, and

(d) 33 g L™ with a stirring rate of 300 rpm.

trace of the blue cobalt tetrachloride solution species. It was
observed that the higher the oxalic acid dihydrate content, the
slower the anti-solvent mixed with the PLS, and the more gela-
tinous the resulting precipitate.

X-ray diffraction (XRD) analysis of these precipitates
showed the presence of Mn(C,0,)-2H,0 and Co(C,0,)-2H,0
in all cases (Fig. S31), although overlapping peaks suggests a
mixed oxalate rather than two separate oxalate phases. SEM
images in Fig. S47 show their morphology, with analysis via
EDX confirming the idea of a mixed oxalate, showing a distri-
bution of Mn and Co in the same places (Fig. S5t). The rela-
tive amounts of Co and Mn detected in these precipitates
obtained from use of water as the anti-solvent were 60.9 and
39.1 atomic%, respectively. The precipitates were also ana-
lysed via infrared spectroscopy (IR) to confirm their structure
(Fig. S6 and Table S2t), which showed the presence of C-O,
C=0, and O-C-O stretches typical of oxalate species at
approximately 1360 and 1612, 1315, and 820 cm™', respect-
ively. The presence of OH, asymmetric stretches at 3362 cm™"
indicates a hydrated oxalate species. Mn-O and Co-O-H

librations were assigned to values of 494 and 732 cm™,

This journal is © The Royal Society of Chemistry 2022

respectively, suggesting coordination of the oxalate moiety to
the metals.*®*’

The hydration number of the precipitates were confirmed
via thermogravimetric analysis (TGA) (Fig. S7 and Table S37).
For monoclinic a-Mn(C,0,4)-2H,0 and Co(C,0,)-2H,0, the de-
hydration typically occurs in one step at 130 °C and is associ-
ated with a ca. 20% mass loss.”®>' For complexes with higher
hydration numbers, e.g. Mn(C,0,4)-3H,0, dehydration occurs
at a lower temperature (80 °C) and is a three-step process.
The precipitates produced from the OxA:ChCl systems
showed a loss of ca. 18-19 wt% at 145-150 °C, indicating the
loss of 2 moles of water per mole of metal oxalate complex.
Comparison of these values to the TGA of pure Mn
(C,04)-2H,0 and Co(C,0,)-2H,O0 confirms the hydration
number, with mass losses of 19.9(1) and 18.5(2)%, respect-
ively. TGA also supports the hypothesis that the formed pre-
cipitate is a mixed oxalate rather than two separate oxalates,
as only two mass loss steps are present. Previous studies on
two separate oxalates that have been mechanically mixed
shows four mass loss steps, as the onset decomposition
temperature is related to the electronegativity of the central

Green Chem., 2022, 24, 4877-4886 | 4881
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Fig. 3 Images of the mixed element solutions showing the effect of anti-solvent on the PLS, after (a) t = 0 min, and (b) t = 24 h. The full time series

can be seen in Fig. S2.1

metal ion.”>? Since Co is more electronegative than Mn, the
TGA curve from the precipitates resemble that of Co
(C,0,4)-2H,0 more than Mn(C,0,4)-2H,0. This suggests a
mixed oxalate has been formed with the structure of
Mn,Co,(C,04)-2H,0.

ICP analysis of the stripped solutions showed that up to
97% of all cobalt and manganese ions were precipitated out of
solution (Fig. 4a). ICP analysis of the precipitates showed that
the ratio of Mn:Co was approximately 1:1.4 mol% for each
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anti-solvent (Fig. 4b), indicating that the anti-solvents used
here have little effect on selectivity. The recovered precipitates
were calculated to contain ca. 30 wt% Mn(C,0,)-2H,0 and ca.
45 wt% Co(C,0,)-2H,0, along with 25 wt% of solid from the
DES, suggesting that x = 0.4 and y = 0.6 for the compound
Mn,Co,(C,04)-2H,0. Therefore, the most optimal anti-solvent
is the one which is most cost-effective, i.e. deionised water. To
regenerate the DES, one potential method would be to evapor-
ate off the excess water, and the OxA content can be adjusted

b) [ Mn-OxA-2H,0
50 [ 1Co-OxA-2H,0
—I— [ ]Remainder
40 4

= + =

Composition (%)

O.SM;OXA 1MIOxA 1.8 M OxA

Antisolvent (1:1)

T
Water

ICP data for: (a) the stripped solution, showing metal removal, and (b) Co and Mn content of the precipitates obtained from addition of
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through simple addition, based on how many moles were
removed in the precipitate.

3.3 Proposed flowsheet

Historically, LiCoO, and LiMn,0O, have been used as cathode
active materials in EV LIBs, although over the last decade there
have been developments into different materials such as
LiFePO, (LFP), LiNiCoAlO, (NCA) and LiNiMnCoO, (LiNMC),
in which the ratios of nickel, manganese, and cobalt can vary
depending on both the manufacturer and also within a manu-
facturer’s fleet.>*> This variability in cathode chemistry will

View Article Online
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result in a waste stream that will have different LINMC compo-
sitions, and it is likely that even in the future there will be
mixed cathode chemistries needed to be recycled because of
EoL car batteries being diverted into second life applications,
or the continuance of EVs in the second hand car market.”**’
While this variability in waste stream composition is likely
to be problematic for the direct recycling of LIB cathodes, with
the subsequent requirements for variable amounts of proces-
sing chemicals for each batch of electrodes, the ability to
enrich a nickel-bearing phase is important because manufac-
turers are shifting towards the use of LINMC-811 as the active

Disassembly and
separation of electrodes

)

Alumipium
Cathode Ultrasonic il
electrode delamination
Black mass
Li/Mn/Co
OxA:ChCL Leaching of black mass leac_hate
80 °C NiO
Binder
Li/Mn/Co %i/Mﬂ/fo
leachate Filtration of remaining eachate
NiO black mass NiO
Binder ) :
Binder
Mixed
Li/Mn/Co > Mn/Co
leachate Precipitation of Co/Mn oxalales
species -
Antisolvent —o| Li oxalate

O

Recrystallisation of Li
oxalate

P

Regeneration of solvenD

Fig. 5 Proposed flow sheet for the processing of LIB cathodes. The red box highlights the processes discussed in the present work.
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cathode material.>®®® By selectively extracting cobalt and
manganese from the black mass through the use of
OxA : ChCl, the nickel content of the undissolved material is
enriched, allowing it to be selectively recovered. Cobalt and
manganese can then be precipitated out of solution as mixed
metal oxalates in a 1:1 ratio using water as an antisolvent.
These mixed oxalates can either be used as a feedstock for LIB
manufacture via high temperature processing with the requi-
site nickel and lithium complexes in the desired ratios or con-
verted to mixed Mn/Co oxides for use in alkaline fuel cell
catalysts.®™®*

We therefore propose the following flowsheet (Fig. 5) for
processing cathode black mass from LIBs. First, the battery
must be disassembled and the cathodes must be separated
from the anodes. The active materials will then be removed
from the electrodes via an ultrasonic process.'® Digestion of
the LINMC black mass will take place in OxA: ChCl at 80 °C,
leaving behind a nickel-enriched solid phase which can then
be recovered via filtration. To recover cobalt and manganese
from the PLS, water will be used as an antisolvent. This has
previously been carried out on a large scale (200 kg) for the
recovery of zinc chloride from a process to recycle metals from
electric arc furnace dust, where the DES was shown to be recov-
ered by evaporation of the water and this was demonstrated on
5 repeat runs without significant loss of material.*

The recovery of lithium from LiCoO, in OxA : ChCl has been
demonstrated by Lu et al. by cooling of the leachate to form
LiHC,0, and CoC,0,.*> The solubilities of LiHC,0, and
CoC,0, in water are 80 g L™ and 0.037 g L™ respectively,
allowing for efficient separation when washed with water.®>°°
LiHC,0,4-4H,0 was then recovered by recrystallisation. In this
study, LiHC,0,4-4H,0O will be present in the antisolvent after
the precipitation of manganese and cobalt due to its high solu-
bility in water, and can be recovered via recrystallisation. Since
the cathode will be subjected to ultrasound for delamination
prior to dissolution, there is the possibility of lithium dis-
solution at this stage depending on the solvent used.
Subjecting the cathode to ultrasound using the same electro-
des and conditions as Lei et al (1250 W in 0.1 mol dm™®
NaOH) for 5 seconds was found to result in 10-11% Li
removal.'® This could be increased by prolonging the time the
cathode spends in contact with the solvent, depending on how
the user wishes to design the flowsheet.

4. Conclusions

The dissolution of LINMC was investigated in a deep eutectic
solvent formed from oxalic acid dihydrate and choline chlor-
ide. In a system with no added water, manganese and cobalt
could be fully leached within 5 hours at a temperature of
80 °C, whereas only 20% lithium was leached. Higher water
contents decreased the cobalt and manganese leaching
efficiency, but improved lithium leaching, potentially due to
the formation of insoluble Co/Mn mixed oxalate species. The
optimal leaching parameters were found to be 80 °C with a

4884 | Green Chem., 2022, 24, 4877-4886
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S:L ratio of 15 g L™" for 2 hours, with no added water. In all
systems, nickel remained in the solid phase as either an oxide
or an oxalate and could be recovered by filtration. The cobalt
and manganese were precipitated from the DES as mixed
metal oxalates through the simple addition of water. The
lithium could be recovered via recrystallisation from the
remaining PLS. The DES could theoretically be regenerated by
evaporating off the excess water and adjusting the oxalic acid
content by an amount stoichiometric to the moles of metal
oxalates removed. This approach enables selective leaching of
metals from LiNMC-based cathode materials and enables the
composition of recycled materials to be tuned so that the
current trends for high nickel content materials such as
LiNMC-811 can be achieved.
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