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Abstract. A solvothermal process was developed for extracting cobalt, nickel, lithium and manganese
from LiCoOz (LCO) or Ni(;_y_y) MnxCoyO2 (NMC) cathode active materials, without using any acid
or base, neither high temperature. The solvent used, ethylene glycol, is a mild reducing agent and
does not pose any unacceptable environmental risk. Structural characterization of the recovered
products showed that cobalt and nickel are together in a metallic state (Co or Ni-Co alloy), lithium
and manganese are in the form of carbonates easily separable due to their different solubilities in
water. Magnetic separation was used to isolate Ni-Co alloy from MnCO3. The purities of the recovered
products depend on the quantities of LCO powder processed and fall within the range of 90.5-97% for
lithium carbonate and 96.7-99.9% for cobalt. In the case of NMC, the purities of Lio CO3, MnCOg3 and
NixCo(j_y) are respectively 94.4%, 95.2% and 91%. The process demonstrated its effectiveness when
treating NMC-type black mass extracted from a mobile phone battery.
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1. Introduction nickel, manganese, or graphite, whose increasing
demand has revealed interdependencies and vulner-
abilities [1]. In response to the urgency of the situ-
ation, the European Union is seeking to reduce its
dependence while initiating a more environmentally

Mineral resources play an essential role in the tech-
nologies associated with energy transition. These
resources contain elements designated as critical

by many countries. In particular, the growing de-
ployment of electric vehicles requires considering
the use of certain elements as a geopolitical issue.
This is particularly the case for elements present in
lithium-ion batteries (LiB) such as cobalt, lithium,
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friendly cycle by proposing a revision of the old Bat-
tery Directive [2]. The newly proposed directive [3]
sets very ambitious recycling rate targets which must
increase, between 2027 and 2031, from 90 to 95% for
Co and Ni, and from 50 to 80% for Li, but also estab-
lishes, for the first time, requirements for recycled
content in new batteries. These recycled contents
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must reach, by 2036, 26% for Co, 15% for Ni and 12%
for Li. Recycling is, therefore, a strategic aspect since,
by 2027, it is estimated that around 50,000 tons of
used batteries will need to be processed in Europe,
allowing for the recovery of 25,000 to 30,000 tons of
metals of interest. Currently, recycling rates struggle
to increase (less than 1% of Li is actually recycled
globally), as recycling faces many barriers that hin-
der its development. Among these, the consumption
of energy and chemicals is a significant factor in the
cost of operations. This is particularly the case for
pyrometallurgical and hydrometallurgical methods
which are used at the industrial level to recycle ele-
ments such as cobalt, lithium, nickel, copper or man-
ganese [4-6]. Pyrometallurgy, although it remains a
frequently used process for the extraction of high-
value metals such as cobalt and nickel, suffers from
several drawbacks such as high operating tempera-
ture, production of toxic gases, high energy costs and
the limited number of materials recovered (Li and Al
are lost in the slag). Although hydrometallurgy (dis-
solution in acidic media in the presence of a reducing
agent) is the preferred process for LiB recycling [7,8]
due to high purity and recovery rate of metals, this
process suffers from high consumption of quite ag-
gressive media, unavoidably leading to the produc-
tion of acidic effluents, and from the use of expensive
extractants [9]. In order not to add acid, interesting
studies have been carried out using subcritical water
and an addition of chlorinated polyvinyl chloride
(CPVC) or polyvinylidene fluoride (PVDF) [10,11].
The acid formed during the degradation of CPVC at
290 °C or PVDF at 350 °C (HCI or HF) induces the
leaching of the valuable metals. Furthermore, several
researches have been conducted using organic acids,
ionic liquids (ILs) and deep eutectic-solvents (DESs),
with the promise of a green approach [11-14]. How-
ever, despite a great deal of research in these areas, it
has proved impossible to transpose the studies car-
ried out on a laboratory scale to an industrial scale.
Among the probable causes of this failure, the exces-
sive viscosity of these solvents, their difficulty in be-
ing recycled, their limited chemical stability and their
prohibitive prices are frequently mentioned [15].

The so-called polyol process has been used for the
synthesis of finely divided metal particles from their
oxides, hydroxides, or salts in polyalcohols [16-18].
The polyol (e.g., ethylene glycol, diethylene glycol)
acts as both solvent and reducing agent. This method

can also be performed in a solvothermal way, which
is a treatment performed in a closed reactor, above
the boiling temperature of the solvent. In this case,
a reduction of metal oxides is also observed, lead-
ing to the obtaining of several morphologies of the
nanoparticles related to the concentration of the pre-
cursor [19]. Although ethylene glycol is often used as
a component in mixtures (associated to a hydrogen
bond acceptor) in DESs [20] or to a mild organic
acid in an eco-friendly leaching system [21,22], it has
never been used alone to extract metals for recycling
purposes.

Ethylene glycol (EG) is a major industrial organic
compound used in the production of polyester fibers
and films, antifreeze, coolant, and numerous other
applications. This solvent presents favorable features
like low toxicity and noncorrosiveness, and it is envi-
ronmentally benign and readily biodegradable [23].

In this study, a new original approach with a low
environmental footprint was developed to recycle
lithium-ion batteries cathodes [24]. This process is
based on a solvothermal treatment of the cathode
material in the presence of EG and carbonate ions
and without any acid. Performed at low temperature
(225 °C), the process converts the phase present in
the cathode compound into several products easily
separable. Ni and Co ions are reduced to the zero va-
lent state, together in an alloy. Manganese cations
and lithium cations combine with carbonate ions
to form manganese carbonate and lithium carbon-
ate. The resulting powder (which is a mixture of Ni-
Co alloy, lithium carbonate and manganese carbon-
ate) may be separated from the solvent by centrifu-
gation, and the several solid compounds isolated,
thanks to their solubilities, by a succession of wash-
ings and magnetic separation. In this work, the char-
acterization of the recovered compounds was per-
formed, their purities were determined, and the re-
covery rates by elements were calculated. As some
of the Li* cations remain in EG after treatment, our
research aims at showing that this solvent can be
reused several times with the same efficiency, and
that this reuse allows to recover all Li* cations com-
ing from the previous steps. The combination of sol-
vent and source of carbonate ions was first ascer-
tained in the case of LCO in terms of recovery rate
and purity of the recovered powders. The possibil-
ity of reusing the solvent in order to reduce the envi-
ronmental impact of the process was then assessed.
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Subsequently, the process was investigated both on
NMC 111 cathode powder and on a black mass (BM)
containing NMC cathode active material.

2. Materials and methods
2.1. Materials

The cathode powders (LiCoOj: LCO or
LiCog 33Nip.33Mng3302: NMC 111) were either ob-
tained from MSE Supplies or synthesized through
the ceramic route. X-ray diffraction (XRD) charac-
terizations and chemical analyses of these powders
are presented in Supporting Information Figures S1
and S2. The black mass (BM) was obtained from mo-
bile phone batteries (Xiaomi model BN44), by dis-
charging, opening in a glovebox, shredding in a cut-
ting mill (Retsch SM 300), and sieving in a vibratory
sieve shaker (Fritsch Analysette 3 Spartan) using a
100 pm grid size. XRD characterization of the sieved
BM and inductively coupled plasma (ICP) analysis
are shown in Supporting Information Figure S3. As
graphite peaks are observed (ICDD file No. 65-6212),
one can conclude that sieving was not efficient to
remove graphite present in the BM. In fact, other
separation techniques exist or are currently being
developed to extract graphite from black mass be-
fore any processing, such as froth flotation [25,26].
Furthermore, ICP and Energy-dispersive X-ray spec-
troscopy (EDX) analysis (Supporting Information
Figure S4) indicate that the cathode active material
is a NMC-type.

The process is performed in a Teflon-lined bomb
provided by Parr Instruments (4744 model, 45 mL)
or by Top Industrie (2148 5000, 500 mL or 2148
4000, 1 L), depending on the amount of solvent used.
The solvent used is ethylene glycol (Merck 99%) in
the presence of carbonate ions (e.g. potassium car-
bonate Alfa Aesar 99.0% min), with an amount cor-
responding to 1.2x the stoichiometric amount of
carbonate ions necessary to form Li;CO3 from Li*
cations contained in the cathode powder. A pressure
calculation based on the saturation vapor pressure of
ethylene glycol and the air pressure at 225 °C, indi-
cates that in the 45 mL reactor using 30 mL of ethy-
lene glycol, the pressure is expected to be 3.9 bars (i.e.
an overpressure of 2.9 bars). Table 1 summarises the
operating conditions for the treatments performed in
this study.

Table 1. Conditions applied for the treatments
of LCO and NMC cathode powders and for BM

Sample Mass of powder EG volume
name treated (g) (mL)
LCO1 1.5 v-EG 30
LCO2 15 v-EG 300
LCO3 30 v-EG 600
LCO4 15 r-EG 300
NMC 1.5 v-EG 30

BM Xiaomi 2 v-EG 30

v-EG: virgin ethylene glycol; r-EG: reused
ethylene glycol.

2.2. Experimental procedure

After introducing the cathode powder or the black
mass, the reactor was filled with ethylene glycol
in which potassium carbonate was previously dis-
solved. The reactor was then closed and heated to
225°Cfor 10 h in an oven. This choice of experimen-
tal conditions comes from the conditions usually ap-
plied during polyol reduction treatments of metal
oxides under solvothermal conditions (temperature
higher than the boiling point of the solvent). After
cooling, the reaction mixture comprises of both pow-
der and liquid, and several steps of centrifugation,
rinsing and magnetic separation (if needed) were car-
ried out. These steps are illustrated in Figures la
and b for the LCO and NMC cathode powder treat-
ments, respectively. For LCO (Figure 1a), the solvent
was first separated from the powder by centrifugation
and stored for possible reuse. Then, the extracted
powder was rinsed with distilled cold water while un-
dergoing ultrasound dispersion, and separated again
from water by a second step of centrifugation (P2).
The rinse water was evaporated in an oven to recover
a white powder (P1).

For NMC (Figure 1b), a subsequent step was
added, in which the rinsed black powder was mag-
netically separated to isolate magnetic and non-
magnetic fractions, each of which was dried. Mag-
netic separation was performed by mixing, under ul-
trasonic dispersion, the powder to be separated with
water or ethanol in a beaker, and by approaching
a NdyFe4B magnet close to the side of the beaker,
which attracts magnetic part of the powder (this op-



126

Virginie Nachbaur et al.

T=225°C, 10 hours

- @

Cathode powder | ‘

(LCO)
Centrifugation

- PR

EG Residual EG
Water evaporation l

-

K,CO;

o

with cold water; centrifugation

"
E

P2

d >

T=225°C, 10 hours

-~

Cenirifugation

_/ Washing with cold water; centrifugation
L e

USE /
EG RE Residual EG N
e
[
Magnetic separation, drying

Water m’apomnonl
| N
P e

Cathode po\;\'der ( )
(NMC)

or Black Mass

K,CO;

Figure 1. Summary diagram of the different stages of the solvothermal process for LCO cathode pow-
der (a) and for NMC cathode powder and Black Mass (b).

eration was repeated twice). The fraction that was
not attracted to the magnet was a beige powder (P2'),
while the fraction that was attracted to the magnet
was a black powder (P3').

2.3. Characterization methods

The crystallinity and purity of the obtained materi-
als were characterized using an Empyrean diffrac-
tometer (PAnalytical) or a D8 diffractometer (Bruker
AXS), using Co K« radiations. The intensity was
measured with a 20 step of 0.01°. Phase identifi-
cation was done using DIFFRAC.EVA (Bruker AXS).
Powders were observed by Scanning Electron Mi-
croscopy (SEM) equipped with an Energy-dispersive
X-ray spectroscopy (EDX) detector (Zeiss 1530). In-
frared spectroscopy analyses were performed with
a Shimadzu IR affinity-1 spectrometer. ATR spec-
tra of liquid samples were obtained using a Glad-
iATR instrument equipped with a monolithic dia-
mond by accumulating 32 scans in the spectral range
from [4000—-400] cm™! with a resolution of 4 cm™1.
Elemental quantification was performed by Crealins
(Lyon, France) using inductively coupled plasma-
atomic emission spectrometry (ICP-AES) iCAP 6500
Duo (Thermo Scientific) after acidic dissolution of
the samples in the presence of sulfuric acid/nitric
acid mixtures in an open environment at 220-240 °C.
The relative error on the mass % of the elements
is 5%.

3. Results and discussion
3.1. Application of the process to LCO material

3.1.1. Use of virgin ethylene glycol

For this first experiment (LCO1), XRD analysis and
Scanning Electron Microscopy results of P1 and P2
are presented in Figure 2. P1 powder (Figure 2a) con-
sists of grains of few tens of micrometers and con-
tains only one phase of lithium carbonate (mono-
clinic, ICDD file No. 22-1141). P2 powder (Figure 2b)
contains particles of a few hundreds of nanometers
which are formed through the aggregation of smaller
particles. Phase analysis shows that two phases
are present: a face-centered cubic (fcc) phase and
a hexagonal close-packed (hcp) corresponding to
metallic cobalt (ICDD files No. 15-0806 and 89-4308
respectively). This morphology and the coexistence
of both phases is classically observed in the case of
synthesis of cobalt nanoparticles by polyol way from
cobalt salts [17,27].

Chemical analysis of the residual EG, after sepa-
ration from the solid by centrifugation, shows that
it contains dissolved lithium, with an amount cor-
responding to approximately 30 wt% of the initial
lithium present in the LCO compound.

At this stage, the mechanism involved in the pro-
cess can be explained as follows: LiCoO; phase is
destroyed by the joint action of EG which reduces
Co?* cations to Co®, and carbonate ions which ex-
tract lithium cations to form lithium carbonate, ac-
cording to (1)
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Figure 2. XRD patterns and SEM micrographs of P1 (a) and P2 (b) obtained after treating LCO compound.

LiCoO, + CH,OHCH,OH +0.5C05™

— 0.5LiCO3 + Co + [EGlox-product (1)

where [EGlox.product represents the possible oxidation
products of EG as it will be discussed in Section 3.1.2.

The reduction is performed without any dissolu-
tion of cobalt cations, as cobalt was not detected in
the residual EG. Lithium carbonate is partially sol-
uble in EG, its solubility has been evaluated, under
our solvothermal experimental conditions, to be ap-
proximately 3 g/L. After separation of the residual
EG by centrifugation, the solid contains Co(, and
Li»CO3y). LioCOs3 is soluble in water, especially cold
water (13.1 g/L at 20 °C and 15.2 g/L at 0 °C [24]), so
it dissolves in water during the rinsing, while Co re-
mains as a powder (P2). Lithium carbonate can be
recovered by evaporating water, this is P1.

Recovery rates for lithium and cobalt are cal-
culated according to Equations (2) and (3) where
Mo treated 1S the mass of LCO treated (1.5, 15 or
30 g), mp; and mp; are the recovered mass of P1 and
P2 powders, %mass(Li) is the Li content in P1 and
%mass(Co) is the Co content in P2, these two values
being determined by ICP analysis. The values 7.4%
and 62.1% are the content of respectively Li and Co
in the initial cathode powder obtained by ICP analy-
sis (Supporting Information Figure S1).

%mass (Li) x mp;

Li recovery rate = x100 (2)

7.4% X MLCO treated
%mass (Co) x mpy

Co recovery rate = x 100

(3)

62.1% x MO treated
Recovery rates of Co and Li (respectively 84.1% and
40%), and purities of Co and Li;COs3 (respectively

96.7% and 90.5%) are indicated in Table 2 for this first
experiment. Concerning the recovery rate of lithium
in the form of carbonate powder, it should be re-
membered that part of this carbonate is dissolved in
EG (around 30%). This part will be recovered during
subsequent solvent reuse (see Section 3.1.2). These
values, especially for the recovery rate of lithium, are
quite low, if one examines the new directive concern-
ing battery recycling [3]. This value of around 70% is
below the threshold to be reached for lithium (80%).

As this first experiment was performed on a small
amount of powder (1.5 g), unavoidable materials
losses during the several steps (centrifugation, dry-
ing) have a strong influence on the recovery rates.
The impact of these losses on the recovery rate
is minimized by increasing the quantity of powder
treated. The recycling process was performed on
higher amounts of powder (15 g and 30 g, samples
LCO2 and LCO3), with the same steps as described
previously. As for the first experiment, a powder of
Co was isolated, and a powder of Li,CO3 was recov-
ered after evaporating the rinsing water. As it can be
seen in Table 2, values of recovery rates and purity
are greatly improved. The recovery rate of lithium in
Li»CO3 form is between 55.9 and 69.7% with a purity
between 95.2 and 97.1%. The recovery rate of cobalt
is between 98.1 and 99.1%, i.e. identical for LCO2 and
LCO3 taking into account measurement uncertain-
ties, and with a purity of 99.9%.

3.1.2. Ethylene glycol reuse

In order to save EG and to recover more lithium,
the solvent was reused (up to 4 times, but the result
of only 1 time is shown here, sample LCO4). The
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Table 2. Recovery rates of Li, Co, Ni and Mn and purity of P1, P2, P2’ and P3’ powders, calculated from

ICP-AES analyses of the different powders extracted

Sample LCO cathode
Recovery rate (%) Purity (%)
Li? Co Li,COs3 Co metal
LCO1 40.0 84.1 90.5 96.7
LCO2 69.7 99.1 95.2 99.9
LCO3 55.9 98.1 97.1 99.9
LCO4 101.3° 99.3 95.4 99.9
Sample NMC 111 cathode
Recovery rate (%) Purity (%)
Li? Co Ni Mn Li,COg3 Ni,Coj—y alloy MnCOj3
NMC 24 79 80.5 72 94.4 91 95.2

3Considering only P1 powder, without lithium dissolved in EG, bup to 100% due to the
presence of Li ions in EG coming from the previous treatment.

phases obtained are the same that in Section 3.1.1,
and the values of recovery rates and purities are in-
dicated in Table 2. In this case, the recovery rate of
lithium (calculated by comparing with the lithium
amount present in 15 g of LCO treated) is higher
than 100% because Li* cations present in the solvent
(and coming from a previous treatment of LCO) have
precipitated as carbonate during the second treat-
ment as saturation was reached more easily for this
salt. This experiment also shows that EG is not de-
graded during the process, and that it remains effi-
cient as a reducer for possible reuse.

In order to confirm the integrity of the ethylene
glycol, infrared spectrometry was carried out on the
solvent after extraction of the solid phase by cen-
trifugation. Figure 3 shows the infrared spectra of
virgin ethylene glycol, of the solvent after extraction
of samples LCO1 and LCO4, and of a solvent after
three successive reuses. The spectrum of the ethy-
lene glycol presents absorption bands which corre-
spond perfectly to what is expected [28]. After treat-
ment, the solvent spectra still show all the absorp-
tion bands characteristic of ethylene glycol. Addi-
tional absorption bands appear at 1595, 1355 and
1125 cm™!, whose intensities increase with the num-
ber of times the solvent is reused. The two bands
located at 1595, 1355 cm™! could be attributed to
asymmetric and symmetric elongation vibrations of
the COO™ group in a glycolate (CH,OHCOO™), or
glyoxylate (CHOCOO™), both of which are oxidation

products of ethylene glycol [29-31]. Doubt remains
as to the attribution of the weak absorption band
at 1125 cm™!, whose wavenumber is slightly higher
than already observed for these two compounds [29].
These results confirm that the reduction of Co(III) to
cobalt metal during treatment does indeed involve
a redox mechanism with ethylene glycol. The exact
nature of the ethylene glycol oxidation product(s) re-
mains to be confirmed. In addition, the solvent be-
ing in very large excess compared with the cathode
compound (EG/LCO molar ratio = 36/1 in the case
of LCO1, LCO2 and LCO3), it can be reused several
times before being significantly oxidized.

3.2. Application of the process to NMC material

The process applied to NMC 111 powder, and follow-
ing the scheme of Figure 1b, leads to the obtaining
of 3 fractions of powder named P1, P2’ and P3’. XRD
analysis and Scanning Electron Microscopy results
of these 3 powders are presented in Figure 4. As in
the treatment of LCO, P1 (Figure 4a) only contains
Li,CO3, with the same morphology that was pre-
viously observed (grains of few tens of microme-
ters). P2’ powder (Figure 4c) consists in octahedral-
shaped grains of around 10 micrometers and con-
tains MnCOs as a single phase (thombohedral, ICDD
file No. 44-1472). P3' powder (Figure 4b) mainly con-
tains spherical particles with heterogeneous sizes
between few hundreds of nanometers and several
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Figure 3. Infrared spectra of virgin ethylene
glycol, EG after treatment and extraction of
samples LCO1 and LCO4, and of EG after three
successive reuses in the process.

micrometers, which are formed through the aggre-
gation of smaller grains. Some octahedral grains
are also observed. Concerning P3’ powder, the XRD
structural characterization shows the presence of
diffraction peaks whose positions are between those
of cobalt (ICDD file No. 15-0806) and nickel ICDD
files No. 87-0712), indicating the presence of a single-
phase Ni-Co alloy. No hcp structure was identified,
as usually observed while forming Ni—Co alloys by
polyol way [17]. Peaks of MnCO3 with a low inten-
sity were also observed in P3’ due to an incomplete
magnetic separation, which explains the observa-
tion of octahedral-shaped grains in the SEM picture
(Figure 4b).

The mechanism explained in Section 3.1.1 can be
completed as follows for the treatment of NMC. After
extraction of LioCOs by its dissolution in water, the
remaining powder contains MnCO3 (which is insolu-
ble in water [32]) and the Ni—Co alloy. As the alloy is
ferromagnetic, it is attracted by permanent magnet,
whereas MnCOs is not.

Recovery rates of Co, Ni, Mn and Li are reported in
Table 2 (respectively 79%, 80.5%, 72% and 24%). The
value for cobalt is of a similar magnitude as when
treating an equivalent quantity of LCO (84.1%). The
purity of lithium carbonate (94.4%) is also compa-
rable to what was obtained for LCO (90.5%). The
low recovery rate for lithium means that Li* cations
remain in EG, due to the precipitation of MnCOs.

These results show that, in EG, manganese carbon-
ate precipitates preferentially and that it is there-
fore necessary to increase the amount of carbonate
ions in order to improve the lithium recovery rate.
The purity in the Ni-Co alloy (91%) is lower than for
metallic cobalt in LCO, which can be explained by
the presence of MnCOj3 in the alloy. The magnetic
separation, which was performed by a very simple
method, is the reason of this low value. The purity
could be considerably increased by using more suit-
able techniques adapted for magnetically separating
powders, such as high-gradient magnetic separator
(HGMS) which creates strong magnetic forces devel-
oped in association with the intense fields delivered
by a superconducting magnet [33,34].

3.3. Application of the process to a black mass

Despite the presence of graphite in addition to the
active cathode material, the recycling treatment was
applied to this BM to ensure that the graphite did not
affect the process. It should be noted that in this case,
magnetic separation was not carried out, which leads
to the isolation of only two fractions instead of three.
The first fraction is obtained after centrifugation and
rinsing with water, and should contain the Ni-Co al-
loy and manganese carbonate (mixture of P2’ and
P3’) if we refer to the Figure 1b. The second fraction
is recovered by evaporating the rinsing water (P1) and
should contain lithium carbonate. XRD characteriza-
tion of these two fractions is shown in Figure 5.

As expected, the powder fraction (P2’ + P3') con-
tains the alloy and MnCOs, but it also contains
graphite, which obviously was not affected by the
process (Figure 5a). Concerning the powder P1, it
contains LipCO3, but this phase is not the main
one (Figure 5b). Another phase, identified as LizPO4
(ICDD file No. 25-1030) is present with a higher con-
tent by regarding its diffraction peak intensities. But
the main phase (by intensity) is a third compound,
identified as LiF (ICDD file No. 45-1460). The forma-
tion of these two phases could be due to the presence
of PVDF and/or the electrolyte in the BM before the
treatment, although we did not identify these two
compounds by the techniques we used. Concerning
PVDE its degradation seems unlikely at the temper-
ature applied in the present study. Indeed, PVDF
undergoes thermal decomposition only in the range
400-500 °C under atmospheric pressure [35], and
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Figure 4. XRD patterns and SEM micrographs of P1 (a), P3’ (b) and P2’ (c) after treating NMC 111
compound. A small amount of MnCOj is present in P3’ due to an incomplete magnetic separation.

300 80

(a) (b)
250 4 + graphite (ICDD 65-6212) ® LiF (ICDD 45-1460)
A Ni (ICDD 87-0712) @ Li;PO, (ICDD 25-1030)
e Cofcc (ICDD 15-0806) 60 *  Li,CO, (ICDD 22-1141)
I MnCO, (ICDD 44-1472) :
200 1
o [5]
g g
2 150 2 40
= =
= =
(= (=]
Q (3]
100 4 \‘
20
A J\ } Snomah J j\__/\
50 M

T T T T T T T T T T 1

20 25 30 35 40 45 S50 55 60 65 70 75 80 20 25 30 35 40 45 S50 55 60 65 70 75 80
2 theta (degree) 2 theta (degree)

Figure 5. XRD patterns of the mixture P2’ + P3’ (a), and P1 (b) after treating the BM extracted from a
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under supercritical conditions in water it decom-
poses only above 290 °C [11]. Furthermore, it was
shown that the PVDF present on cathodes was not
degraded when treated in ethylene glycol at a tem-
perature close to its boiling point (197 °C) [36]. A re-
cent study shows that the conversion of LiPFg into
LiF and Li3POy is possible by water extraction using
a hydrothermal way [37]. In this study, the authors
show that the interest of treating LiPFg lies in the fact
that this compound is an environmental pollutant,
and that producing LiF and Li3PO, is economically
profitable. The possibility that the process devel-
oped in the present study could be another way of
treating LiPFs needs to be supported by additional
characterisation, particularly spectroscopic, in order
to clearly highlight the presence of the electrolyte
before treatment.

4. Conclusions

A new method for recycling lithium-ion battery cath-
odes has been developed. This method enables
the extraction and the separation of valuable ele-
ments (cobalt, nickel, lithium, manganese) without
the need for high temperatures or the consumption
of acids or bases. The solvent used, with low environ-
mental impact, is reusable. Its continuous reuse al-
lows for the accumulation of lithium as lithium car-
bonate, which partially dissolves during treatment,
until EG becomes saturated, thereby increasing the
lithium recovery rate.

Furthermore, it has been shown that recovery
rates, especially for cobalt, are significantly improved
when processing large quantities of active cathode
materials. A magnetic separation step is necessary
when the processed material contains cobalt, nickel,
and manganese simultaneously. This step strongly
influences the purities of the Ni-Co alloy and man-
ganese carbonate collected after treatment. The use
of more efficient magnetic separation devices than
the one used in this study could greatly enhance
these purities.

The application of this treatment to NMC-type
black mass from a battery has demonstrated that the
presence of graphite does not affect this process. Ad-
ditionally, it has been shown that the recovered pow-
der also contains LiE Further investigations need to

be conducted to determine if this compound origi-
nates from the decomposition of LiPFg present in the
electrolyte.

Declaration of interests

The authors do not work for, advise, own shares in,
or receive funds from any organization that could
benefit from this article, and have declared no affil-
iations other than their research organizations.

Funding

The authors would like to thank the ESP (Energy and
Propulsion Systems) Carnot Institute for their finan-
cial support in the context of the NeoBATT project.
This work was additionally supported by the Euro-
pean Union and the Normandy region as part of the
operational program FEDER/FSE 2014-2020 through
the RECYLION project, and by the CNRS (French Na-
tional Center for Scientific Research) in the frame of
the prematuration CARY-ION project.

Supplementary data

Supporting information for this article is available on
the journal’s website under https://doi.org/10.5802/
crchim.306 or from the author.

References

[1] R. Danino-Perraud, The Recycling of Lithium-ion Batteries: A

Strategic Pillar for the European Battery Alliance, Etudes de

'Ifri, Ifri, 2020.

Regulation (EU) 2023/1542 of the European Parliament and

of the Council of 12 July 2023 concerning batteries and waste

batteries, https://eur-lex.europa.eu/eli/reg/2023/1542/oj.

Directive 2006/66/CE of the European Parliament and

of the Council of 6 September 2006 on batteries and

accumulators and waste batteries and accumulators,

https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=

celex%3A32006L0066.

G. Harper, R. Sommerville, E. Kendrick, L. Driscoll, P. Slater,

R. Stolkin, A. Walton, P. Christensen, O. Heidrich, S. Lambert,

A. Abbott, K. Ryder, L. Gaines, P. Anderson, Nature, 2019, 575,

75-86.

[5] E. Fan, L. Li, Z. Wang, J. Lin, Y. Huang, Y. Yao, R. Chen, E Wu,
Chem. Rev., 2020, 120, 7020-7063.

[6] R.E. Ciez, J. E Whitacre, Nat. Sustain., 2019, 2, 148-156.

[7] D. A. Ferreira, L. M. Z. Prados, D. Majuste, M. B. Mansur,
J. Power Sources, 2009, 187, 238-246.

2

3

4


https://doi.org/10.5802/crchim.306
https://doi.org/10.5802/crchim.306
https://eur-lex.europa.eu/eli/reg/2023/1542/oj
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32006L0066
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32006L0066

132

(8]

191

(10]

(11]

(12]

[13]

(14]

[15]

[16]

(171

(18]

(19]

[20]

[21]

[22]

(23]

Virginie Nachbaur et al.

L.P. He, S. Y. Sun, X. E Song, J. G. Yu, Waste Manage., 2017, 64,
171-181.

S. Wang, Z. Zhang, Z. Lu, Z. Xu, Green Chem., 2020, 22, 4473-
4482.

T. Nshizirungu, M. Rana, Y. T. Jo, J.-H. Park, J. Hazard. Mater.,
2021, 414, article no. 125575.

T. Nshizirungu, M. Rana, M. I. H. Khan, Y. T. Jo, S.-J. Park, J.-H.
Park, J. Environ. Chem. Eng., 2023, 11, article no. 109160.

M. K. Tran, M. T. E Rodrigues, K. Kato, G. Babu, P. M. Ajayan,
Nat. Energy, 2019, 4, 339-345.

N. Peeters, K. Binnemans, S. Riafio, Green Chem., 2020, 22,
4210-4221.

C. Padwal, H. D. Pham, S. Jadhay, T. T. Do, J. Nerkar, L. T. M.
Hoang, A. Kumar Nanjundan, S. G. Mundree, D. P. Dubal, Adv.
Energy Sustainability Res., 2022, 3, article no. 2100133.

K. Binnemans, P. T. Jones, J. Sustain. Metall., 2023, 9, 423-438.
E Fievet, J. P. Lagier, Solid State Ion., 1989, 32/33, 198-205.

P. Toneguzzo, G. Viau, O. Acher, E Guillet, E. Bruneton,
E Fievet-Vincent, E Fievet, J. Mater. Sci., 2000, 35, 3767-3784.

E Fievet, S. Ammar-Merah, R. Brayner, E Chau, M. Giraud,
E Mammeri, J. Peron, J. Y. Piquemal, L. Sicard, G. Viau, Chem.
Soc. Rev., 2018, 47, 5187-5233.

M. Jean, V. Nachbaur, J.-M. Le Breton, J. Alloys Compd., 2012,
513, 425-429.

D. Yetim, L. Svecova, J. C. Leprétre, ChemistryOpen, 2024, 13,
article no. e202300061.

G. Zeng, J. Yao, C. Liu, X. Luo, H. Ji, X. Mi, C. Deng, ACS
Sustainable Chem. Eng., 2021, 9, 16133-16142.

S. Rose, P. Xu, H. Gao, M. Li, X. Yu, Z. Chen, Adv. Energy
Sustainability Res., 2021, 2, article no. 2100040.

C. A. Staples, J. B. Williams, G. R. Craig, K. M. Roberts, Chemo-
sphere, 2001, 43, 377-383.

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

(34]

[35]

[36]

137]

E Ayadi, V. Nachbaur, V. Pralong, “Process of extraction of
lithium from a material comprising lithium and at least an-
other metal”, WO 2021/148403 Al (29/07/2021).

R. Zhan, Z. Oldenburg, L. Pan, Sustain. Mater. Technol., 2018,
17, article no. e00062.

A. Vanderbruggen, J. Sygusch, M. Rudolph, R. Serna-
Guerrero, Colloids Surf. A, 2021, 626, article no. 127111.
C.W.Kim, H. G. Cha, Y. H. Kim, A. P. Jadhay, E. S. Ji, D. I. Kang,
Y. S. Kang, J. Phys. Chem. C, 2009, 113, 5081-5086.

H. Ghaedi, P Kalhor, M. Zhao, P. T. Clough, E.J. Anthony, P. S.
Fennell, Front. Environ. Sci. Eng., 2022, 16.

S.-C. Chang, Y. Ho, M. J. Weaver, J. Am. Chem. Soc., 1991, 113,
9506-9513.

L. Wang, H. Meng, P. K. Shen, C. Bianchini, E Vizza, Z. Wei,
Phys. Chem. Chem. Phys., 2011, 13, 2667-2673.

H. Wang, B. Jiang, T.-T. Zhao, K. Jiang, Y.-Y. Yang, J. Zhang,
Z.Xie, W.-B. Cai, ACS Catal., 2017, 7, 2033-2041.

W. Haynes (ed.), CRC Handbook of Chemistry and Physics,
95th ed., CRC Press, Boca Raton, FL, 2014-2015.

J. Svoboda, Magnetic Techniques for the Treatment of Materi-
als, Kluwer Academic Publisher, Springer, Dordrecht, 2004.

T. Fujita, Powder Technology Handbook, CRC Press, Boca Ra-
ton, FL, 2019, 461 pages.

J. E. Marshall, A. Zhenova, S. Roberts, T. Petchey, P. Zhu, C. E.J.
Dancer, C. R. McElroy, E. Kendrick, V. Goodship, Polymers,
2021, 13, article no. 1354.

Y. Bai, N. Muralidharan, J. Li, R. Essehli, I. Belharouak, Chem-
SusChem, 2020, 13, 5664-5670.

H. Du, Y. Kang, C. Li, Y. Zhao, Y. Tian, J. Lu, Z. Chen, N. Gao,
Z. Li, J. Wozny, T. Li, L. Wang, N. Tavajohi, E Kang, B. Li,
Carbon Neutralization, 2023, 2, 416-424.



	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Experimental procedure
	2.3. Characterization methods

	3. Results and discussion
	3.1. Application of the process to LCO material
	3.1.1. Use of virgin ethylene glycol
	3.1.2. Ethylene glycol reuse

	3.2. Application of the process to NMC material
	3.3. Application of the process to a black mass

	4. Conclusions
	Declaration of interests
	Funding
	Supplementary data
	References

