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Introduction

Recovery of cobalt from lithium-ion battery
cathode material by combining solvoleaching and
solvent extraction

Nand Peeters, (2 Koen Binnemans (2 and Sofia Riafio {2 *

The recycling of cobalt from lithium-ion batteries (LIBs) is crucial for sustainability reasons. During hydro-
metallurgical recycling of LIBs, the cathode material is usually separated from the current collectors alu-
minium and copper at initial process stages. A common type of cathode material is lithium cobalt oxide
(LCO) and recovery of cobalt from this source requires reduction of cobalt(i) to cobalt(i), often done by
adding a separate reducing agent. This work aims to recover cobalt from LCO via a simple, Green and
safe process whose novelty is based on using the current collectors themselves as reducing agents, and
combining leaching and solvent extraction of cobalt into a single step. The acidic extractant di-(2-ethyl-
hexyl)phosphoric acid (D2EHPA) was used to leach cobalt from LCO in the presence of metallic alu-
minium and copper. After optimisation, quantitative leaching of cobalt, copper and lithium was achieved,
while aluminium remained unaffected. This observation demonstrates that copper can act as an effective
reducing agent for cobalt(i) in LCO, which simplifies the process by avoiding the pre-separation of the
current collectors. Compared to conventional sulphuric acid leaching, the proposed process was more
selective and avoided the formation of explosive hydrogen gas. Furthermore, direct leaching with
D2EHPA gave a cobalt-loaded organic phase from which cobalt was selectively stripped by controlling
the equilibrium pH. This approach reduced the number of steps to recover cobalt compared to traditional
methods, also decreased the volume of aqueous waste and could be a greener concept for future metal
recovery processes.

other metals are leached with mineral acids. Successful leach-
ing is often achieved by adding reducing agents to reduce

Lithium-ion batteries (LIBs) have been increasingly commer-
cialized in the last three decades. Their high energy density
and specific capacity make them suitable for electronic devices
such as mobile phones, laptops and electric vehicles."”
Common LIBs contain metallic aluminium and copper as
current collectors, and a lithium-intercalated metal oxide as
cathode material. Some frequently used LIB cathode materials
that contain cobalt are lithium cobalt oxide (LCO), lithium
nickel manganese cobalt oxide (NMC) and lithium nickel
cobalt aluminium oxide (NCA).>®*™" Recycling of cobalt from
spent LIBs is crucial from both an economic and environ-
mental points of view.'>"?

Most hydrometallurgical LIB recycling routes comprise pre-
treatment steps that remove the current collectors (i.e. metallic
aluminium and copper) and other components, resulting in
the relatively pure cathode material. Subsequently, cobalt and
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cobalt(ur) to the more soluble and stable cobalt(u) in aqueous
solutions. Finally, cobalt is purified and recovered from the
pregnant leach solution (PLS) by precipitation and/or solvent
extraction (SX)."*™"” One of the most commonly used leaching
systems for spent LIBs is the combination of sulphuric acid as
lixiviant and hydrogen peroxide as reducing agent.”*'* Further
downstream processing is usually done by removing impurities
via precipitation or extraction with the acidic extractant di-(2-
ethylhexyl)phosphoric acid (D2EHPA), followed by selective
cobalt extraction with another acidic extractant bis(2,2,4-tri-
methylpentyl)phosphinic acid (Cyanex 272). Stripping of cobalt
from the loaded Cyanex 272 phase is done with hydrochloric
acid or sulphuric acid."®?® Although these classical approaches
are still preferred for industrial applications, they can also entail
environmental and safety risks. These could be related with the
emission of toxic or dangerous gasses during the mineral acid
leaching, and the generation of considerable amounts of
aqueous waste during the PLS purification.>"

Recently, researchers have proposed alternative processes
for the recovery of cobalt that are in some aspects greener,
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safer and cheaper than the established routes.>**** Some of
these approaches substitute mineral acids by organic acids in
the recovery process of cobalt. Chen et al. proposed the use of
mineral acids combined with organic reducing agents as a
milder and safer approach to leach cobalt from spent LIBs.>*
While Li et al. used organic acids as lixiviants (citric-, malic-
and aspartic acid) combined with hydrogen peroxide to leach
cobalt from real spent LIBs.*” In a different approach, some of
the hydrometallurgical steps for the recovery of cobalt are
replaced by solvometallurgical ones. In solvometallurgy, the
aqueous medium is replaced by non-aqueous solvents, which
can lead to higher selectivity and less aqueous waste gene-
ration.”® Some examples of non-aqueous media are deep-eutec-
tic solvents (DESs) and certain organic substances, such as
organic acids. Recently, we described the use of a choline
chloride-citric acid DES for the solvoleaching of cobalt from
LCO in presence of aluminium and copper current collec-
tors,>" while Wang et al. used the choline chloride-urea DES to
recover lithium and cobalt from LCO.>” Another solvometallur-
gical approach is to use commercially available organic extrac-
tants as leaching agents. For example, Gijsemans et al. used
the chelating extractant LIX 984 N (equivolume mixture of
2-hydroxy-5-nonylacetophenone oxime and 5-dodecylsalicyl-
aldoxime) as lixiviant to solvoleach copper from chrysocolla,
after which the copper-loaded organic phase was directly
stripped by a mineral acid.*® Using non-aqueous lixiviants
during solvoleaching could avoid the formation of toxic and/or
dangerous gasses compared to leaching with conventional
mineral acids, which is a potential benefit.>

It has been demonstrated that process intensification by
integration of unit operations not only reduces the operating
costs but it also improves the safety, greenness and energy
efficiency of processes.”*' For example, in the process of
Gijsemans et al, the number of solvent extraction steps was
reduced.”® If their process would be up-scaled in counter-
current mode, it would require fewer mixer-settler units and
smaller volumes of chemicals, and would produce less
aqueous waste. Furthermore, several recent studies on LIB re-
cycling have shown that the aluminium and copper current
collectors can also reduce cobalt(u) during the leaching of
cathode material, which could avoid pre-separation steps and
in turn reduce energy costs.>**7* Joulié et al. studied the
reducing ability of aluminium or copper separately during
leaching of cobalt from NMC material with sulphuric acid.*?
Peng et al. described the reducing ability of copper when
industrial untreated LIB waste streams were leached with sul-
phuric acid.**** Apart from using a DES as lixiviant, our recent
work also described the combined reducing capacity of both
aluminium and copper during leaching of cobalt from LCO by
a choline chloride-citric acid-based DES.>' Hence, the direct
solvoleaching of LCO with an organic extractant, while keeping
the current collectors aluminium and copper together with the
LCO material, could potentially intensify the conventional LIB
recycling processes.

In this work, the acidic extractant D2EHPA is used for the
solvoleaching of cobalt from LCO in presence of both alu-
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minium and copper. Integrating the direct use of both the
current collectors and D2EHPA as system to solvoleach cobalt
is not yet exhaustively studied, and could be a greener alterna-
tive. The aim is to load cobalt directly into the organic
D2EHPA phase (i.e. loaded D2EHPA phase) while aluminium
and/or copper are used as reducing agent for cobalt(im).
Furthermore, speciation studies are performed to investigate
the coordination of the metals in the loaded D2EHPA phase. A
cheap and easily accessible mineral acid could then be used to
control the equilibrium pH in order to selectively strip cobalt
from the metal-loaded D2EHPA phase. Stripping would
exchange protons from the acid with cobalt cations from the
loaded D2EHPA, regenerating D2EHPA as acidic lixiviant. The
recyclability was evaluated for five successive cycles. The pro-
posed leaching process is compared with the conventional
leaching by sulphuric acid whereby the significant differences
are mentioned. These differences show the ‘green’ nature and
process intensification of our alternative approach.

Experimental
Products

Sulphuric acid (<95%) was purchased from Fisher Chemicals
(Loughborough, UK). P507 (2-ethylhexyl phosphonic acid
mono-2-ethylhexyl ester) was delivered by Kopper Chemical
Industry Corp. (Chongqing, China). Cyanex® 272 (85%)
(bis(2,4,4-trimethylpentyl)phosphinic acid) was obtained from
Cytec Industries (Vlaardingen, Netherlands). Aluminium
powder (0.075 mm, 99%), 1-octanol (98%) and bis(2-ethyl-
hexyl) phosphoric acid (D2EHPA, 95%) were purchased from
Acros Organics (Geel, Belgium). Copper (0.075 mm, 99%) and
lithium-nickel-manganese-cobalt-oxide (NMC 111, 0.5 um,
>98%) powders were obtained from Sigma-Aldrich (Overijse,
Belgium). Lithium cobalt oxide (LiCoO,, LCO, 0.005 mm, 97%)
was purchased from Alfa Aesar (Kandel, Germany). Nitric acid
(65%) was obtained from Chem-Lab nv (Zedelgem, Belgium).
Shell GTL GS270 (C8-C26 aliphatic hydrocarbon diluent) was
obtained from Shell (Rotterdam, Netherlands). Both aqueous
and oil ICP standards of aluminium, cobalt, copper, lithium
and lanthanum were obtained from Merck (Overijse, Belgium).
All the chemicals were used as received without any further
purification. Ultrapure water (18.2 MQ cm) provided by a
Millipore Milli-Q Reference A+ system.

Instrumentation

Metal concentrations in the loaded organic phase after leach-
ing were determined by inductively coupled plasma-optical
emission spectroscopy (ICP-OES) using an organic sample
measurement set-up. This was done with a PerkinElmer Avio
500 spectrometer, equipped with an axial/radial dual plasma
view, a High Solids GemCone™ nebulizer, a baffled cyclonic
spray chamber and a quartz torch with a 2.0 mm internal dia-
meter alumina injector. Samples, calibration solutions, and
quality control solutions were diluted with 1-octanol.
Calibration curves were made using solutions of 0.04, 0.2, 1, 5
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and 25 mg L™ of the corresponding metal from a standard oil
solution. All samples were diluted 1000 times with 1-octanol
and lanthanum(i) was added as internal standard. The metal
concentrations in the aqueous phase, after stripping the
organic extractant with different sulphuric acid concen-
trations, were analysed with a PerkinElmer Optima 8300
spectrometer equipped with an axial (AX)/radial (RAD) dual
plasma view, a GemTip Cross-Flow II nebulizer, a Scott spray
chamber and a Hybrid XLT ceramic torch with a 2.0 mm
internal diameter sapphire injector. All aqueous samples were
diluted 2000 times with 2 vol% nitric acid and aqueous stan-
dard ICP solutions were used. All metal concentrations were
determined by first stripping the loaded D2EHPA phase with
3 mol L' sulphuric acid followed by aqueous ICP-OES
measurements. This procedure was chosen because it allowed
for a simpler sample preparation and a higher sample
throughput since aqueous samples could be prepared by volu-
metrically and automatic micropipettes, whereas in the case of
organic samples gravimetric sample preparation was required.
Comparing the results obtained after direct measurement of
the organic phase and measurement of the aqueous phase
after stripping with 3 mol L™" sulphuric acid confirmed hat
3 mol L" sulphuric acid efficiently striped all metals from the
loaded D2EHPA phase.

Qualitative analysis of the loaded extractant phase was done by
UV/VIS absorption spectroscopy with an Agilent Cary 6000i
spectrophotometer and Cary WinUV software. A Nemus Life
Thermo Shaker TMS-200 was used for shaking the glass vials
during the stripping experiments. A Heraeus Labofuge 200 centri-
fuge was used to accelerate phase separation after equilibration of
the two phases. The solid starting material and the leaching
residue were characterized by a X-ray diffraction analysis (XRD)
(D2 Phaser, Bruker, Germany) with Cu Ka radiation (30 kv, 10 mA
in the measurement range 26 of 20-70°). Data processing was per-
formed with the X'Pert HighScore software. The pH was measured
by a S220 Seven compact pH-ion meter (Mettler Toledo, Belgium).

Solvoleaching experiments

Unless stated otherwise, a leaching experiment at optimised
conditions was conducted by adding 237.5 mg of LCO or
NMC, 28.5 mg of aluminium and 57.0 mg of copper into a
glass vial of 10 mL. The added amount of aluminium and
copper metal was based on their average mass ratios in LIBs
and kept constant (i.e. 12 wt% and 24 wt% of the LCO amount
for aluminium and copper, respectively).?"***® Subsequently,
9.5 mL of lixiviant (i.e. acidic extractant or diluted extractant)
and a magnetic stirring bar were added. The vial was closed
and then placed in a sand bath on a heating plate, equipped
with a thermocouple for temperature control at 80 °C while
stirring at 600 rpm. The leaching parameters were optimized
by varying both the leaching time and temperature together
with the amount of LCO, aluminium and copper. After solvo-
leaching, the loaded organic extractant phases were filtered
with syringe filters (Chromafil® pore size 0.45 pm, diameter
25 mm). The metal concentrations in the loaded D2EHPA
phase were determined with ICP-OES after stripping with
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3 mol 1! sulphuric acid. Recycling studies were performed by
starting the first cycle in a 20 mL glass vial where 15 mL of
acidic extractant was added and leaching was done at the opti-
mised parameters. After leaching and filtration, 14.5 mL of the
loaded extractant phase was stripped with 3 mol L™" of sulphu-
ric acid at equal V,: V, ratio. After centrifuging, 14 mL of the
stripped extractant phase was used to leach the next cycle at
optimised parameters. This procedure was repeated until the
fifth cycle, whereby 10 mL of stripped extractant was used to
leach. All experiments were executed in duplicate. The percen-
tage leaching (%L) was calculated via the following eqn (1):***”
[Maq,ICP]
Myeighed * WtTometal

. Vextractant % 100 (1)

%L =
Here, [M,q;icp] denotes the metal concentration after strip-
ping the loaded extractant phase with 3 mol L™ sulphuric acid
determined by aqueous ICP-OES analysis, and Veiractant €P-
resents the used volume of extractant. In the denominator,
Myeighed denotes the initial mass of solid starting material and
Wt%metar Tepresents the fraction of the studied metal in the
latter. The value of Wt%ea1 is 0.07 for lithium and 0.60 for
cobalt in LCO; and 1.00 for both aluminium and copper as
they are weighed as powders in their elemental form.

Selective stripping experiments

The loaded organic phases after leaching were selectively
stripped by aqueous solutions containing different sulphuric
acid concentrations. Unless stated otherwise, 1 mL of loaded
extractant was placed in a glass vial of 4 mL, together with
0.5 mL of sulphuric acid at the preferred V,:V, ratio of 2:1.
The vial was shaken at room temperature for 20 minutes at
1750 rpm and centrifuged for 5 minutes at 5000 rpm after-
wards. The equilibrium pH was measured by inserting a pH
electrode in the lower aqueous phase after stripping. The strip-
ping efficiency (%S) was calculated via eqn (2):*®

[Maq,strip] . E

%S =
[Morg,extractant] Vo

-100 (2)

Here [Magq strip] aNd [Morg extractant] denote the metal concen-
trations in the final aqueous stripping solution and in the
initial loaded organic phase, respectively. The terms V, and V,
are the volumes of the aqueous stripping phase and the
loaded organic phase, respectively.

Results and discussion
Choice of extractant as lixiviant

Our recent work confirmed that the leaching of cobalt from
LCO is mainly driven by three factors: (1) the reducing agent in
the system (2) the acidity of the lixiviant and (3) the complex-
ing anion that coordinates with the leached cobalt(u)
species.”’ Since the current collectors act as reducing agents,
the choice of extractant is based on its acidity. There are
several acidic extractants commercially available, which are

Green Chem., 2022, 24, 2839-2852 | 2841
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mostly organophosphorus and carboxylic acids.
former are in general more acidic than the Ilatter.
Therefore, three of the most common organophosphorus acid
based extractants were evaluated as lixiviants for the leaching
of cobalt from LCO, in presence of aluminium and copper.
These were bis(2-ethylhexyl) phosphoric acid (D2EHPA),
2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester (P507)
and bis(2,4,4-trimethylpentyl)phosphinic acid (Cyanex 272)
(Fig. 1). A comparison of the leaching efficiencies with these
extractants is shown in Table 1.

Table 1 shows that D2EHPA leaches cobalt from LCO most
efficiently. Additionally, D2EHPA is the cheapest extractant
among the evaluated ones.*’ Apart from cobalt, aluminium is
not significantly leached by any extractant, while copper and
lithium are considerably leached as well. The percentage leach-
ing increases as the acidity of the extractant rises (i.e. D2EHPA
> p507 > Cyanex 272).**"** Furthermore, the studied extractants
are relatively viscous when used in their pure forms (ie.
D2EHPA = 35 mPa s, P507 = 58 mPa s, Cyanex 272 = 142 mPa
s, determined at room temperature).***® The viscosity further
increases when metals are loaded, making operations such as
filtration difficult after cooling down.***° Based on both leach-
ing efficiency and viscosity values, D2EHPA was chosen for

Cyanex 272

Fig. 1 Structures of the evaluated extractants.

Table 1 Comparison of the percentage leaching (%L) of aluminum,
cobalt, copper and lithium by D2EHPA, P507 and Cyanex 272°

Extractant %L Al %L Co %L Cu %L Li

D2EHPA 0.8+0.2 97.3+£1.3 93.3+2.6 78.7 £1.3
P507 1.9+1.7 93.9+1.3 98.9+1.6 74.6 £1.3
Cyanex 272 4.9 £ 0.6 71.8+£0.2 92.9 £ 0.2 63.3 £0.2

“Leaching parameters: 80 °C, 8 hours, S:L = 20 g L™, 600 rpm.
Al: LiCoO, = 12 wt%, Cu:LiCoO, = 24 wt%. Extractants were used
undiluted (100 vol%).
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further studies such as optimisation of the D2EHPA concen-
tration and more mechanistic investigations.

D2EHPA concentration

An aliphatic diluent (Shell GTL GS270) was used to dilute
D2EHPA. Shell GTL diluents are biodegradable and show low
toxicity.>"**°® Both D2EHPA and the chosen diluent have
flash points that are least 20 °C higher than the maximum
applied leaching temperature (i.e. 170 °C for D2EHPA and
130 °C for the aliphatic diluent).>®>" The concentration
optimisation of D2EHPA as lixiviant is shown in Fig. 2.

Fig. 2 confirms that 75 vol% D2EHPA leaches ca. 97%
cobalt, 99% copper and 87% lithium, while aluminium
remains in the residue. This concentration was used in further
experiments because it ensured quantitative cobalt leaching
and reduced the viscosity compared with the undiluted form.

Solid-to-liquid ratio

The S:L ratio determines the concentration of the leached
metal in the organic D2EHPA phase and is therefore an impor-
tant parameter to optimise (Fig. 3).

Apart from aluminium, the leaching efficiencies in general
decrease at S: L ratios higher than 30 g L™". These increasing
ratios lower the accessible surface area per volume unit, which
impedes the mass transfer and consequently decreases the
leaching of metals.’® Furthermore, more viscous loaded
D2EHPA phases were obtained after cooling when working at
S:L ratios of 30 g L™" or higher. A ratio of 25 g L ™" was there-
fore chosen for further experiments. Under these conditions
the concentration of cobalt, copper and lithium in the loaded
organic phase corresponded to 15.5 g L™, 6.3 g L' and
1.7 g L7, respectively.

Leaching time and temperature

The percentage leaching of 75 vol% D2EHPA in an aliphatic
diluent as a function of time was evaluated at four different

1004
—a—Al

—o—Co
80{—e—Cu
—A—Lj

60

%L

40

20

0 25 50 75 100
[D2EHPA] (vol%)
Fig. 2 Percentage leaching by different concentrations of D2EHPA

diluted in an aliphatic diluent. Leaching parameters: 80 °C, 8 hours,
S:L=20g L%, 600 rpm. Al: LiCoO, = 12 wt%, Cu: LiCoO, = 24 wt%.
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mised condition for successful leaching of cobalt, copper and
lithium from LCO in presence of the current collectors.

Leaching mechanism

Mechanistic studies were carried out by comparing the leach-
ing efficiency during time for each possible combination of
LCO with/without aluminium and/or copper (Fig. 5).

100 -
80 4
N 601 —=—Al
X —e—Co
404 —*—Cu
—A— L
20 -
0 m—%8g = —3 —LF ]
20 40 60 80 100
S:L(gL™"

Fig. 3 Percentage leaching by 75 vol% (diluted in an aliphatic diluent)
D2EHPA at different S: L ratios. Leaching parameters: 80 °C, 8 hours,
600 rpm. Al: LiCoO, = 12 wt%, Cu : LiCoO, = 24 wt%.

temperatures (Fig. 4). D2EHPA leached copper quantitatively at
all tested temperatures, whereas only less than ca. 3% of alu-
minium was leached. Temperatures of 40 °C and 60 °C were
not sufficient to quantitatively leach cobalt and lithium after
relatively short leaching times. This was achieved after 6 hours
at 80 °C and 5 hours 100 °C.

Leaching of oxide materials with acidic protons produces
water.”" This water starts to evaporate when leaching is per-
formed at 100 °C, which was evident from a pressure build-up
in the vial. Additionally, lower leaching temperatures are
usually preferred for the cost-effectiveness of the process.
Therefore, leaching at 80 °C for 6 hours was chosen as opti-

Complete leaching of cobalt and lithium from LCO in
absence of copper was not achieved. This requires harsher con-
ditions such as higher acidity, higher temperatures and longer
leaching times.”*** The presence of copper allows the
reduction of cobalt(m) to cobalt(un) and therefore causes the
quantitative leaching of cobalt, together with lithium. This
effective reducing capacity of copper has been previously
reported in the literature.*"**** Lithium occupies interstices
in the crystal lattice of LCO and the acidic attack of D2EHPA
partially opens the crystal lattice. Furthermore, the reduction
of cobalt to its divalent state also distorts the LCO crystal
lattice. This implies that the increasing leaching of cobalt is
concomitant with the release of lithium.>"*" Interestingly, alu-
minium is not leached in any situation, showing no effect on
the leaching behaviour. This is in contrast with our recent
work, in which aluminium mainly gets dissolved by reducing
protons of water and/or acids to form hydrogen gas.”" This was
also observed by Joulié et al.**> and Peng et al.**3*

Structural analysis and comparison of the solid material
before and after leaching was done by XRD and the results are
presented in Fig. 6. The comparison between Fig. 6A and B
shows that the diffraction peak intensities of LCO and copper
diminish during leaching.

The relative peak intensity of aluminium increases after
leaching, indicating that the leaching residue is rich in alu-

1001 B

501

251

0] pupusEEE—

o] PmmgSw* 4

— T T T

0 4 8 12 16 20
Time (hours)

0 4 8 12 16 20 24
Time (hours)

Fig. 4 The percentage leaching during time by 75 vol% (diluted in an aliphatic diluent) D2EHPA at 40 °C (A), 60 °C (B), 80 °C (C) and 100 °C (D).
Leaching parameters: 25 g L™%, 600 rpm. Al: LiCoO, = 12 wt%, Cu: LiCoO, = 24 wt%.
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Fig. 5 Leaching efficiencies by 75 vol% (diluted in an aliphatic diluent) D2EHPA during time in four different situations: LiCoO, in absence of Al and
Cu (A, left above), LiCoO; in presence of Cu (B, right above), LiCoO, in presence of Al (C, left below) and LiCoO, in presence of both Al and Cu (D,
right below). Leaching parameters: 80 °C, 25 g L™, 600 rpm. Al : LiCoO, = 12 wt%, Cu : LiCoO; = 24 wt%.

A LiCoO,

*Cu
o Al

AA

e A A A

M_L._J\._Ju.

LA
A.

£
lA J A

B L]
A L]
L i
. A
40

20

4 =D

Intensity (a.u.)

45>
Y
>

60
26 (°)
Fig. 6 Comparison of XRD spectra before and after leaching. LCO

together with aluminium and copper as starting material (A, above) and
its solid residue after leaching at optimized conditions (B, below).

minium. Although these observations are in agreement with
the trend observed in Fig. 5, it also shows that there is no sig-
nificant presence of aluminium oxide in the residue.
Therefore, it can be concluded that it seems that aluminium
does not undergo structural changes and remains in its metal-
lic state in the residue.

Corrosion studies of aluminium have shown that its activity
in organic solvents differs strongly from that in water.”® This is

2844 | Green Chem., 2022, 24, 2839-2852

most likely the reason that aluminium is not affected by
D2EHPA in the studied system. As mentioned before, alu-
minium acts as a reducing agent towards water or mineral
acids, with the tendency increasing as the acidity of the solu-
tion increases.”’ D2EHPA is much less acidic than mineral
acids and the water content in D2EHPA is neglibible.’”®
These factors reduce the undesired formation of hydrogen gas,
leaving aluminium unaffected in the leaching residue.>®™*'
Hence, metals can show a remarkable different behaviour in
organic media, which is observed when only the current collec-
tors (without LCO) are leached and compared in Fig. 7.

The results in Fig. 7 confirm that aluminium is not leached
under the studied conditions. It is known that aluminium dis-
solves in acidic aqueous media by reducing protons.®>®
Furthermore, copper ions normally accelerate the dissolution
of aluminium in acidic aqueous conditions by taking part in a
cementation reaction, especially at high temperatures.®*®*
This causes the reduction of copper ions on the surface of alu-
minium while aluminium is partially oxidized and
dissolved.®>"®> This is not observed in any of the studied
systems where aluminium and copper are combined Under
the studied conditions copper does not undergo cementation
at all. Moreover, copper by itself is readily dissolved by 75 vol%
D2EHPA without addition of other oxidants, while it is con-
sidered to be more noble than aluminium in aqueous
media.®®"°® Mostafa et al. reported that copper(i/u) oxides were
formed when copper was dissolved in weakly acidic organic
media.®® This could partially explain the dissolution of copper
by 75 vol% D2EHPA in absence of LCO. First, copper(i/u)

This journal is © The Royal Society of Chemistry 2022
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oxides are formed, which are then dissolved by D2EHPA due to
the attack of its acidic protons. This hypothesis is supported
by the fact that the leaching efficiency of copper by itself
dropped from 27% to 0% after 7 hours of leaching when the
experiment was modified by continuously bubbling nitrogen
gas through the solution. This again contrasts with obser-
vations in aqueous media, where aluminium oxide layers are
generally more easily formed than copper oxides.”””! However,
when copper is combined with LCO, the reduction of cobalt
(m) is most likely favoured over the formation of oxides.
Furthermore, none of the latter oxide structures were detected
with XRD (Fig. 6).

Eventually, there could be concluded that the selectivity of
the leaching process is related to the redox couple copper(0)/
cobalt(m) and the non-aqueous nature of D2EHPA as lixiviant.
The former redox reaction solubilizes both metals in D2EHPA,
cobalt(m) reduces to the soluble cobalt(u) and copper(0) oxi-
dizes to the soluble copper(u). Consequently, the crystal lattice
opens partially, which liberates lithium(i) and in turn assists
its solubilisation. In contrast, aluminium has no significant
redox capacity in the non-aqueous lixiviant D2EHPA, it is not
involved in reducing cobalt(in), nor assisting the redox couple
copper(0)/cobalt(m). Due to this inactivity, it remains
unchanged in the residue.

Several loaded D2EHPA phases were collected at different
time intervals during leaching at 80 °C, and qualitative ana-
lysis was done with UV-VIS absorption spectroscopy. Since
lithium complexes are UV-VIS inactive, the focus is on the
leached cobalt and copper complexes. This absorption spectra
of the loaded cobalt complexes in the D2EHPA phase as a
function of leaching time are given in Fig. 8.

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 UV-VIS absorption spectra of cobalt complexes with D2EHPA
during the leaching of LCO by 75 vol% (diluted in an aliphatic diluent)
D2EHPA in presence of Al and Cu, at different time intervals. Leaching
parameters: 80 °C, 25 g L%, 600 rpm. Al: LiCoO, = 12 wt%, Cu: LiCoO,
= 24 wt%.

This pattern with three peaks with the maximum absor-
bance located at ca. 625 nm is in accordance with literature
data on cobalt(n) in D2EHPA, which confirms the tetrahedral
structure the formed cobalt(i) complexes.”” This is also valid
for the absorption maximum at ca. 822 nm for loaded copper
(1) complexes. Unfortunately the latter peak suffers from peak
broadening, as shown in Fig. 9.

Green Chem., 2022, 24, 2839-2852 | 2845
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Fig. 9 UV-VIS absorption spectra of copper complexes with D2EHPA
during the leaching of LCO by 75 vol% (diluted in an aliphatic diluent)
D2EHPA in presence of Al and Cu, at different time intervals. Leaching
parameters: 80 °C, 25 g L™, 600 rpm. Al : LiCoO, = 12 wt%, Cu: LiCoO,
= 24 wt%.

The formed cobalt and copper complexes are widely
described in the literature, whereby the divalent metal ion
complexes with the deprotonated (anionic) D2EHPA dimer.
This is simplistically summarized in Fig. 10, where the
complex usually is presented as [M(L),(HL),].”>"*

A similar reaction is expected to occur for lithium, where
only one proton would be exchanged, forming the [LiL(HL);]
complex.” Since the main goal of this work was to propose a
simplified reaction scheme, more detailed structural studies
were omitted. For future studies, structural analytical tech-
niques such as X-ray absorption fine structure or X-ray absorp-
tion near edge structure are recommended.

A schematic overview of the entire leaching process pro-
posed in this work is highlighted in Fig. 11. As a summary, the
acidic protons of D2EHPA partially open the crystal lattice of
LCO, releasing the interstitial lithium(i) ions. Effective cobalt
leaching is accompanied by that of metallic copper, which
reduces cobalt(ur) to cobalt(u), while being oxidised itself to
copper(u), further opening the crystal lattice. Aluminium

O—H---O0. R
R"'P/ \\P' R
O—H---O, R \ "
\ 2 4\ /
2 RIuRg \Pﬂ”R ;%%%% R O\\M//O
4 - <
R 0---H—d o~ "0 R
/ \ »
RlI-P\ PR
4 /
R O---H—O

Fig. 10 Simplified reaction of the coordination between D2EHPA
(present as dimer) and divalent metal cations such as cobalt(n) and
copper(i) during leaching.
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Fig. 11 Schematic representation of the leaching of LCO in presence of
aluminium and copper by D2EHPA.

remains unaffected in its metallic state in the leaching
residue. The leached metal cations lithium(i), cobalt(u) and
copper(n) are coordinated with the deprotonated anion of
D2EHPA.

Comparison with conventional LCO leaching by sulphuric acid

As mentioned, sulphuric acid is a common lixiviant for leach-
ing of LCO.”*”® It was therefore compared with the solvoleach-
ing system by D2EHPA in presence of aluminium and copper,
under optimised conditions (Fig. 12). A sulphuric acid concen-
tration of 2.25 mol L™" was used, since this corresponds to the
molar concentration of 75 vol% D2EHPA. The much higher
acidity of sulphuric acid leads to faster leaching of LCO in
general. This is one of the reasons that sulphuric acid is nowa-
days still the industrial preferred lixiviant.>”>®

In contrast to D2EHPA, sulphuric acid can leach lithium
and cobalt quantitatively in absence of reducing agents.
However, this is only achieved after 24 hours leaching. Copper
still reduces cobalt(m) in both systems, which was also
described by Joulié et al. and Peng et al.**™** The reactivity of
aluminium differs strongly when sulphuric acid is used as lixi-
viant. Comparison of Fig. 12E with Fig. 12G shows that the
leaching of cobalt and lithium from LCO is not significantly
affected by aluminium. Samples in which aluminium was
treated with sulphuric acid (Fig. 12G and H) showed strong
effervescence. Hence, the dissolution of aluminium in sulphu-
ric acid is probably related to the reduction of water and/
protons from sulphuric acid, producing hydrogen gas. This
strong tendency of aluminium to produce hydrogen gas in sul-
phuric acid was also reported by Joulié et al.®>* Furthermore,
comparison of Fig. 12F with Fig. 12H shows that aluminium

This journal is © The Royal Society of Chemistry 2022
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Fig. 12 Percentage leaching (%L) of Co, Li, Al and Cu from LCO when leaching with D2EHPA or H,SO,. Leached by 75 vol% (diluted in an aliphatic
diluent) D2EHPA: LCO without current collectors (A), LCO with copper (B), LCO with aluminium (C) and LCO with aluminium and copper (D).
Leached by 2.25 mol L™ H,S04: LCO only (E), LCO with copper (F), LCO with aluminium (G) and LCO with aluminium and copper (H). Leaching para-
meters: 80 °C, 25 g L™, 600 rpm. Al: LiCoO, = 12 wt%, Cu : LiCoO, = 24 wt%.

also reduces copper(n) species, hereby undergoing a cementa-
tion reaction. These copper(u) species are formed by reducing
cobalt(m) in LCO as described above. The cementation reac-
tion between copper(n) and metallic aluminium was also
described in our previous work, producing an alloy of both
metals that remains in the residue.*"*>®* The comparison of
Fig. 12D with Fig. 12H is the most relevant to our study, since
one of the main goals was to keep both aluminium and copper

This journal is © The Royal Society of Chemistry 2022

together with the LCO to avoid pre-treatment steps. It is clear
from these figures that sulphuric acid leaches faster, but is
less selective than D2EHPA. Only metallic aluminium stays in
the residue after the leaching by D2EHPA, while the residue
consists of an aluminium-copper alloy after leaching with sul-
phuric acid. When D2EHPA is used as lixiviant, no explosive
hydrogen gas is formed. Moreover, the reducing capacity of
copper and the relative inertness of aluminium are also an
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advantage in the D2EHPA system because there is no need for
pre-treatment steps that separate these metals from the LCO
material, which intensifies the process.

Furthermore, process intensification is also achieved by
leaching directly with the extractant D2EHPA, or in other
words by merging the leaching and the solvent extraction into
one step. This means that the loaded cobalt, copper and
lithium can be then directly stripped to the final aqueous
phase. By contrast, leaching with sulphuric acid first forms an
acidic PLS that contains aluminium, cobalt, copper and
lithium. In a next step, this acidic PLS is purified by precipi-
tation and/or extraction by acidic extractants, such as D2EHPA
and Cyanex 272. These steps would then require the addition
of relatively large amounts of base, in order to increase the
pH to the preferred range for precipitation and/or
extraction."”**”” Moreover, the produced loaded organic
phases after extraction should be stripped as well.'*° Both
these extraction and stripping operations would require mixer-
settler units, while the direct solvoleaching with D2EHPA only
needs mixer-settlers for the stripping process. Hence, apart
from avoiding the pre-treatment steps, solvoleaching with
D2EHPA also avoids additional filtration set-ups and extra
mixer-settlers units, which in turn reduces the generation of
aqueous waste.”>”®

Selective stripping of the loaded D2EHPA phase

Metals are in general selectively stripped form loaded acidic
extractants by controlling the equilibrium pH (pHq).'”*° The
stripping of cobalt, copper and lithium from the loaded
D2EHPA was studied by controlling the pH.q and it is shown
in Fig. 13. The highest selectivity between copper and cobalt is
obtained at pHeq of ca. 2.5. This ensures stripping efficiencies
of 11%, 70% and 90% for copper, cobalt and lithium, respect-
ively. The highest selectivity between lithium and cobalt is
obtained at pHeq of ca. 3.0; stripping 2%, 30% and 70%
copper, cobalt and lithium, respectively.

Sulphuric acid was chosen to control the pH due to its
cheapness and the fact that it forms metal sulphate complexes
in the aqueous stripped solution. These latter complexes are
usually preferred electrolytes for further downstream electro-
winning processes, since the sulphate anion provides high
conductivity.”®8°

On the one hand, lithium will not negatively affect the elec-
trowinning process of cobalt, due to its lower standard
reduction potential.**"®* Moreover, cobalt can be separated
from lithium by producing cobalt oxalate precipitates.®**® On
the other hand, copper is a significant impurity that can affect
the downstream processing of cobalt.®”®® These aspects make
it important to focus more on the separation of cobalt and
copper. In order to increase the selectivity and obtain the high
purity of cobalt that is required for the production of LIBs,*>*
a continuous multistage counter-current set-up could be
used.””®? The number of mixer-settler stages could be esti-
mated first by performing a multistage counter-current simu-
lation, followed by the operation in the mixer-settler devices
itself.”***** This further optimization would require mixer
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Fig. 13 Stripping efficiencies of cobalt, copper and lithium from loaded
D2EHPA (75 vol% diluted in an aliphatic diluent) at different equilibrium
pH (pHeg). Extraction parameters: V,:V, = 2, 1750 rpm, 20 minutes at
room temperature. pH control was done by stripping with different con-
centrations of sulphuric acid.

settler units and pH controller devices, which are out of the
scope of this work. Although more pure cobalt could be recov-
ered by using mixer settlers, it should be mentioned that these
devices are needed for stripping operations in any case at
industrial scale. In conventional cases, copper is usually pre-
separated or selectively extracted from the aqueous PLS, which
again requires mixer settler units. While our approach only
requires mixer settler units for the stripping, which are needed
to strip cobalt anyway. Hence, our proposal could still reduce
the amount of process steps compared to conventional cases
while ensuring no emission of toxic and dangerous gasses. If
more pure copper- and cobalt sulphate solutions are obtained
via the abovementioned method, both metals could be recov-
ered by electrowinning. This would reduce the environmental
risk of copper(u) and cobalt(n) containing aqueous waste, and
would also increase the economic impact of the process.

It has to be noted that Fig. 13 is constructed at V,: V, ratio
of two, which enriches final aqueous metal concentration. A
pHeq of ca. 0.50 (i.e. an initial sulphuric acid concentration of
1.15 mol L") allowed complete striping of all three metals
from the loaded D2EHPA phase and regenerates D2EHPA so
that it can be reused in the next leaching series. Therefore, the
recyclability of D2EHPA was studied after stripping with sul-
phuric acid of 1.15 mol L™".

Recycling studies of D2EHPA

The performance of D2EHPA after being used after several
cycles was evaluated and the results are shown in Fig. 14.
D2EHPA is still able to leach cobalt, copper and lithium quan-
titatively after five cycles. Although the small decrease in the
cobalt leaching efficiency is still situated within the margin of
error, a further decrease in leaching efficiency is expected after

This journal is © The Royal Society of Chemistry 2022
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Fig. 14 Leaching efficiencies of 75 vol% (diluted in an aliphatic diluent)
D2EHPA after several cycles. The loaded D2EHPA phase after each cycle
was stripped by 1.15 mol L™* sulphuric acid at V: V, = 2, room tempera-
ture for 20 minutes at 1750 rpm. The leaching at each cycle was per-
formed at: 80 °C, 6 hours, 25 g L™, 600 rpm. Al: LiCoO, = 12 wt%,
Cu: LiCoO; = 24 wt%.

more cycles. This is mainly due to the solubility of D2EHPA in
aqueous sulphuric acid media (e.g. ca. 120 to 250 mg L)%
and the loss of phosphoric acid impurities that are present in
the commercially available D2EHPA.’>°® Fortunately, these
losses are limited and could be solved by adding minor
amounts of fresh D2EHPA when needed.

Future work

In this work an alternative and simpler flowsheet for the recov-
ery of cobalt, lithium and copper from LIBs was presented.
The proposed solvometallurgical approach has several advan-
tages: selective solvoleaching, avoiding hydrogen gas emission
and achieving process intensification by omitting pre-treat-
ment steps and merging solvoleaching with SX. Copper, cobalt
and lithium can be recovered via selective stripping but
further optimization of this step is required. Despite the
advantages of the process presented here, it has to be men-
tioned that leaching with sulphuric acid remains attractive
from an industrial perspective due to much faster leaching
times, lower leaching temperature and the ability to leach at
much higher S:L ratios.'* Obtaining these desired features
with our method still remains challenging. A possible
approach could rely on adding the electroplated metallic
copper back to the solid material at the start of each sub-
sequent leaching cycle, which could increase the effectiveness
of our process in general. This was unfortunately not studied
in this concept study due to the lack of upscaling facilities.
However, sulphuric acid leaches less selectively, produces
hydrogen gas and generates more waste water due to the
requirement of extra chemicals to further treat the PLS. It
needs to be noted that LCO cathode materials are progressively

This journal is © The Royal Society of Chemistry 2022
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being replaced by NMC materials in order reduce the cobalt
consumption.>*"*® This study only focused on LCO cathode
material, further investigations about the applicability of this
solvometallurgical process on other cathode materials and real
LIB waste streams are crucial to the transition towards a more
sustainable and circular economy. As a proof of concept and to
demonstrate the versatility of the process presented in this
work, the optimized leaching process was applied to NMC
powder. As it can be seen in Fig. 15, about 100% copper, 80%
cobalt and lithium, 73% nickel, 63% manganese and no alu-
minium was leached by 75 vol% D2EHPA after seven hours at
80 °C. The current collectors behaved in the same way as they
performed in the experiments with LCO (Fig. 4C). In the case
of the leaching of the NMC powder, not only cobalt, copper
and lithium came into the organic PLS but also nickel and
manganese, as expected. The percentage of metal leached of
lithium and cobalt was slightly lower than when leaching from
the LCO. Further optimization of the leaching conditions such
as D2EHPA concentration and S: L ratio could lead to higher
percentages of metal leached. Furthermore, aluminium was
again not affected during the solvoleaching, while it is known
that it can be leached by sulphuric acid.** After leaching, the
refining of cobalt is still necessary. D2EHPA has shown to have
selectivity towards the extraction of copper and manganese
over cobalt, nickel and lithium."®>'°" Since stripping occurs
via similar chemical equilibria as extraction, it can be expected
that copper and manganese could be selectively stripped from
cobalt, nickel and lithium. As a consequence; a sulphate solu-
tion enriched in cobalt, nickel and lithium would be obtained
after stripping. From here, selective cobalt recovery could be
easily achieved with Cyanex 272 as it is usually done in mix-
tures of cobalt and nickel. On the contrary, conventional leach-
ing of NMC material by sulphuric acid would first result in an
aqueous PLS rich in aluminium, copper, cobalt, manganese,
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Fig. 15 The percentage leaching of NMC material during time by 75

vol% (diluted in an aliphatic diluent) leaching parameters: 80 °C, 25 g
L™, 600 rpm. Al: NMC = 12 wt%, Cu: NMC = 24 wt%.
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Fig. 16 Summarizing comparison of two processes to recover cobalt from spent LIBs. A conventional hydrometallurgical process above (A) and our

proposed solvometallurgical process below (B).

nickel and lithium. The next step would require the separation
of manganese and/or copper from cobalt, which could be
achieved by extracting with D2EHPA and/or LIX 984 respect-
ively followed by stripping with a mineral acid.'°>'°® Hereafter,
cobalt could be separated from nickel, aluminium and lithium
with Cyanex 272 as described above. This extra step in which
manganese and/or copper would need to be extracted first by
D2EHPA and/or LIX 984 will not only consume more chemi-
cals but also require extra contactors such as mixer-settlers.
In the process presented in this work, only cobalt, copper,
manganese, nickel and lithium are directly loaded into
D2EHPA and the process is intensified by merging steps. The
results shown in Fig. 15 also corroborate that this process is
not only valid for LCO but also for NMC material.

Finally, in this study the particle sizes of LCO, NMC, alu-
minium and copper were kept constant but it is known that
properties such as redox capacity, leaching time and leaching
temperature are influenced by the particle size.'* "% The
used particle sizes are smaller than those used in industrial
spent LIB recycling processes.**** It is therefore advisable to
study the effect of larger particle sizes. We hope that the flow-
sheet developed here serves as an inspiration for future devel-
opments in the field where the critical points that are men-
tioned above are also considered.

Conclusions

The commercial available extractant D2EHPA is suitable as a
non-aqueous lixiviant to recover cobalt from LCO in presence
of metallic aluminium and copper. The applied solvometallur-
gical flowsheet makes use of process intensification by leaving
aluminium and copper in the LIB without pre-treatment and
by combining leaching with SX in one step, which are both
innovative approaches. The former avoided the use pre-treat-
ment steps, the latter eliminated the need of both extra mixer
settler units and chemicals, and the formation of toxic and
dangerous gasses. The optimized leaching conditions ensured

2850 | Green Chem., 2022, 24, 2839-2852

the quantitative leaching of cobalt, copper and lithium with 75
vol% D2EHPA at 80 °C for six hours at a ratio of 25 g L™".
Hereby causing the direct loading of these three metals in the
organic D2EHPA phase. The stripping of this loaded D2EHPA
at an equilibrium pH of ca. 2.50 ensured 11% stripping of
copper, while 70% and 90% of cobalt and lithium were
stripped respectively in one contact. The selectivity of cobalt
and lithium over copper can be increased by executing the
stripping process in a continuous multistage counter-current
circuit, which is recommended as future work. The reducing
properties of the current collectors aluminium and copper
were investigated. It became clear that copper acted as redu-
cing agent during the reduction of cobalt(u) to cobalt(u)
whereas aluminium remained in its metallic state in the
residue. These consequences caused the our redox system
together with D2EHPA as non-aqueous lixiviant is more selec-
tive compared to the commonly used aqueous lixiviant sulphu-
ric acid. This difference was also confirmed by an experimental
comparison, which also showed that hydrogen gas formation
is avoided when using D2EHPA as non-aqueous lixiviant. This
model-study could be implemented on real spent LIB waste or
even other metallurgical recovery methods. As a summary, our
intensified solvometallurgical process is compared with a con-
ventional hydrometallurgical process in Fig. 16.
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