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A B S T R A C T

A novel recycling route for spent lithium-ion batteries has been investigated. The end goal is to produce cathode 
active material (CAM) precursor directly from the recycled solution. The process begins with an oxalic acid 
leaching (0.6 M H2C2O4, 60 ◦C, 120 min, and S/L = 50 g/L), where Li is selectively recovered (along with Al) 
which reduces downstream contamination and enhances overall material efficiency. The resulting residue, a 
mixture of (Co,Ni,Mn)C2O4 ⋅ 2H2O, graphite, and Cu, is then leached with sulfuric acid to dissolve the metals and 
separate them from the graphite. This second leaching operation is investigated, and the optimum parameters are 
demonstrated (2 M H2SO4, 65 ◦C, 120 min, S/L = 20 g/L), yielding more than 95 % recovery of Ni, Co, and Mn 
and about 70 % of Cu. Lower acidity or S/L leads to the reprecipitation of a Ni oxalate phase. Solvent extraction 
is selected for Cu removal at a limit of 5 ppm; a 30 % v/v Acorga M5640 in ESCAID is applied for 30 min at 25 ◦C, 
with θ = 4 and 4 stages. The resulting recycled solution, containing Co, Ni, and Mn, and free from Al, Li, and Cu, 
represents a promising feedstock for producing NMC 111 (LiNi0.33Mn0.33Co0.33O2).

1. Introduction

Lithium-ion batteries (LiBs) are widely used in electronics and 
electric vehicles (EVs) [1–3], driving up demand for critical raw mate
rials like Li, Co, Cu, Mn, and Ni [1,4,5]. EV batteries are significantly 
larger than those in portable devices [6], intensifying environmental 
concerns across the LiB lifecycle, from mining to disposal [1,7–9]. To 
address these issues, the EU has implemented a battery regulation (No 
2023/1542) mandating high recovery rates for critical metals by 2031 
[10]. LiBs consist of interconnected cells, each containing alternating 
layers of cathode, separator, and anode, soaked in liquid electrolyte [1,
11,12]. The most spread cathode active materials (CAM) are 
LiNi0.33Mn0.33Co0.33O2 (NMC), LiNi0.33Co0.33Al0.33O2 (NCA), and 
LiFePO4 (LFP) [2]. Recycling methods have shifted from 
energy-intensive pyrometallurgy to hydrometallurgy, which offers 
higher recovery rates and lower emissions [8,13–19]. The process in
volves discharging, dismantling, and the black mass (BM) production 
[20], followed by chemical leaching typically with sulfuric acid and 
hydrogen peroxide [16,21–23] and separation/purification of metals 

[14,24–28]. Final recovery steps include precipitation of lithium car
bonate, though waste byproducts and emissions remain challenges. 
Research continues to enhance the circular use of critical minerals, 
minimize the environmental impact of recycling, and support a more 
sustainable and resilient supply chain [29]. For instance, the IEA states 
in its latest report that next-generation leaching (or solvent extraction) 
techniques should be based on a selective leaching approach with 
maximized recovery [1], while the EU underscores the importance of 
employing Best Available Techniques for battery waste treatment [10].

This work is part of a larger initiative to develop a more sustainable 
and circular process using eco-friendly chemicals like organic acids. The 
key innovation of the process is the production of NMC cathode material 
from recycled solutions. Such approach would significantly reduce the 
number of stages required for metal recycling and enable direct pro
duction of CAM precursor (p-CAM) from the recycled solution, elimi
nating the need for separation into pure compounds and thereby 
promoting a circular value chain for materials and closing the recycling 
loop. To achieve this goal, Li is selectively removed by oxalic acid (OA) 
leaching, which can mitigate its losses throughout the process [30,31]. 
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This work focuses on handling the primary solid residue and investi
gating this new chemical system. Sulfuric acid is chosen as a leaching 
media as oxalate complexes are known to be strong and require strong 
acids to dissolve [32]. This step enhances the separation of graphite and 
the production of a solution containing all transition metals (TM). Cu 
removal is investigated by solvent extraction with Acorga M5640 (a 
commercial extractant). Although the extractant system is known, it has 
not been tested on such an aqueous solution. Cu removal is essential as 
its presence negatively affects the CAM performance. Subsequent NMC 
precursor synthesis is considered but not investigated in this paper.

2. Materials and methods

2.1. Material

Battery packs were discharged and dismantled to reach the battery 
cell level (Volvo Cars AB and Stena Recycling AB, Sweden). The 
resulting cells were crushed and sorted by mechanical sieving and 
magnetic separation below 50 ◦C to obtain BM powder (Akkuser Oy, 
Finland). Finally, in-house sieving was performed under 500 μm using a 
sieve shaker (Retsch - 5 min with interval mode and amplitude 1.2) at 
room temperature.

2.2. Analytical methods

An inductively coupled plasma-mass spectrometer (ICP-OES, 
Thermo Fisher Scientific, Model iCAP™ 6000 Series) was used to mea
sure metal concentration. The samples were diluted with 0.5 M HNO3 to 
fit the 0.625–20 mg/L calibration range (LOD ≈ 0.3 mg/L). The pH was 
measured during the operation using a pH electrode (Metrohm 
6.0258.600) connected to the Tiamo software to record the data. The 
electrode was calibrated with buffer solutions at pH 2, 4, and 7 before 
each experiment at 22 ◦C ± 1 ◦C.

The metal composition was determined after aqua regia digestion 
(3:1 HCl:HNO3, Merck Millipore, ACS Reagents). About 0.2 g of the solid 
sample was mixed with the aqua regia at 80 ◦C for 4 h. The sampling was 
performed following the coning and quartering method, which is known 
to decrease uncertainties associated with taking a small portion of the 
powder bulk [33]. After filtration (Filter VWR 516–0811 - 11 μm particle 
retention) and dilution, the cold slurry was analyzed via ICP-OES. X-ray 
diffraction (XRD, Bruker D8 Twin-Twin diffractometer) was performed 
over the 2θ range of 10◦–80◦ with a rotational speed of 15 rpm using 
Cu-Kα radiation. Analysis of the XRD data was carried out using the 
Pawley method in the TOPAS software V6 [34].

An UV/Vis Spectrometer (Lambda 25, PerkinElmer) was used to 
measure the absorbance over the 900 - 300 nm range. Fourier-transform 
infrared spectra were recorded from 4000 to 450 cm− 1 with a resolution 
of 2 cm− 1 in ATR mode (Spectrum Two, PerkinElmer).

2.3. Leaching experiments

The OA (H2C2O4 ⋅ 2H2O, Sigma Aldrich, ACS Reagent plus, ≥99 %) 
leaching was performed in a 2 L double-jacked glass reactor with a 
mechanical overhead stirrer and heating bath. The preliminary inves
tigation of the sulfuric acid (H2SO4, Sigma Aldrich, ACS Reagent, 95–98 
%) leachings (Section 3.2.1) was performed in PVDF-closed double- 
jacked reactors with an initial volume of 50 mL. Then, the operation was 
scaled up (Section 3.2.2), and the leachings were performed in a 1L 
double-jacked glass reactor equipped with a mechanical head stirrer and 
heating bath.

In all cases, the proper amount of solid was inserted once the desired 
temperature was reached. To follow the metal dissolution in the 
leachate, 1 mL samples were taken from the top during the operation at 
different times. The slurry was directly filtered (Syringe filter PTFE - 
Restek – 0.45 μm), and the metal concentration was measured following 
the abovementioned procedure. The leaching yield (YE) was computed 

using Equation (1): 

YE (%) =
mE,liq,t

mE,BM,0
=

[E]t *Vt

wt%E*mBM,0
(1) 

In which mE,BM,0 is the initial mass of the element E in the BM, and mE,liq, 

t is the mass of the element transferred in the leaching solution after a 
certain time, t, calculated with the concentration of this element ([E]t) 
and the volume of the leaching solution (Vt).

2.4. Precipitation experiments

To assess leaching solution stability, 50 mL was placed in an Erlen
meyer flask at room temperature (22 ± 1 ◦C), and the pH was adjusted 
using 10 M NaOH. The solution was stirred for 6 h, with samples taken at 
1, 2, 4, and 6 h. Oxalate precipitation was observed during and after 
stirring, with concentrations stabilizing after 72 h. Final concentrations 
were measured by ICP-OES following filtration.

2.5. Solvent extraction experiments

Batch experiments for Cu extraction were carried out in 3.5 mL glass 
vials; they were shaken at 1000 rpm for 15 min under constant tem
perature (25 ◦C ± 1 ◦C) using a shaking machine (VXR basic Vibrax®). 
The organic phase is composed of the extractant, Acorga M5640 (a hy
droxy oxime-type organic acid extractant) diluted in ESCAID 100 (hy
drocarbon-based solvent – kerosine, petroleum). All experiments were 
triplicates. The initial pH was measured and controlled. Sampling was 
performed after satisfactory phase separation and metal concentration 
in the aqueous phase was measured. The parameters allowing maximal 
Cu loading, such as the extractant concentration, contacting time, and 
temperature, were investigated. The extraction percentage was calcu
lated using Equation (2), which relies on the elemental mass balance of 
the operation. 

%EM =
[M]t
[M]0

=
[M]0 − [M]t

[M]0
=

100⋅DM

DM + 1
/θ

with DM =
[M]tot
[M]tot

(2) 

It quantifies the transfer of the metal, M, initially present in the 
aqueous phase ([M]0) into the organic phase ([M]t) after a specific time, 
t. θ is the volume ratio between the organic phase (Vorg) and the aqueous 
phase (Vaq). The distribution ratio, marked D, describes the metal 
partition between the two phases. It is computed as the total metal 
concentration in the organic phase ([M]tot) over the total metal concen
tration in the aqueous phase ([M]tot), usually measured at equilibrium.

3. Results and discussion

The BM was leached at 60 ◦C for 120 min with OA at 0.6 M at an 
initial fixed Solid/Liquid (S/L) ratio of 50 g/L as reported in our pre
vious research [30]. The CAM reacts with oxalic acid following Equation 
(3). The leaching yields of every element during the operation are shown 
in Fig. S1a (100 % of Al and 85 % of Li dissolved). The XRD of the residue 
(Fig. S1b) reveals that the leaching residue is mainly composed of a 
disordered (Co,Ni,Mn)C2O4 ⋅ 2H2O phase, graphite, and Cu [31]. Fig. S2
provides more characterization of this residue. Thorough characteriza
tion is essential as this Leaching I residue was used as feed material in 
the next leaching step (Leaching II). 

LiCoxNiyMnzO2(s) + 2 H2C2O4(aq) = 1
/
2 Li2C2O4(aq)

+
(
CoxNiyMnz

)
C2O4 . 2H2O(s) + CO2 (g)

(3) 

3.1. Sulfuric acid leaching (leaching II)

3.1.1. Preliminary experiments
Sulfuric acid is applied as the leaching media; the objective is to 

dissolve the metallic content from the oxalate residue and leave the 
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graphite behind. Simple oxalates (MC2O4 ⋅ xH2O) are strong complexes, 
insoluble in water, but are reported to dissolve in strong acidic condi
tions [35]. Preliminary experiments were performed to assess the main 
parameters (temperature, molarity, and S/L ratios) affecting the disso
lution of the mixed oxalate phase, before continuing a deeper investi
gation of the leaching mechanism.

The leaching yields obtained for each element are depicted in 
Fig. 1a–c. Li shows complete dissolution regardless of the experimental 
conditions chosen; the form in which it was left in the residue is easily 
soluble. Co and Mn demonstrate good dissolution behavior, while Ni and 
Cu dissolve, on average, 20 % less.

As the temperature positively affects the dissolution of every metal, 
with an approximate increase of 30 % recovery of Co and Mn when 
increasing the temperature from 50 to 80 ◦C, and only 10 % for Ni and 
Cu (Figs. 1a), 65 ◦C was selected for the rest of the experiments.

Both acidity and the S/L ratio are critical and interdependent pa
rameters in the process, influencing chemical equilibrium and mass 
transfer. Higher acidity enhances the metallic dissolution, while a lower 
S/L ratio further promotes it by increasing the availability of solvent 
relative to the solid (Fig. 1b–c). To determine the optimal combination 
of the acidity level and the S/L ratio and to compare their cumulative 
impact, Fig. 1d was plotted. For this, the S/L ratio and the acidity are 
computed together as one parameter: the molar ratios between the 
number of moles of acidity available for the total number of moles of 
metals in the residue (nAcid:nTot Metals, with the metals considered: Co, 
Ni, Mn, Li, and Cu). Consistently, the higher the molar ratio, the more 
metal is dissolved in the solution. The trend is sensibly positive, and 
about 80 % of Co and Mn are dissolved when applying a minimum of 2 
M H2SO4 with an S/L ratio below 80 g/L, corresponding to a molar ratio 
of 5. Nevertheless, one interesting aspect is that the curve flattens for the 
molar ratio between 8 and 12, corresponding to the same S/L ratios (50 
g/L) but different molarities of H2SO4, respectively 2 M and 3 M. Thus, 2 
M H2SO4 appears to be of sufficient acidity to dissolve the formed TM 
oxalate from Leaching I, and this molarity is applied for the rest of the 
leaching investigation. It is also more advantageous for the overall 
impact of the process: lower required acidity means lower chemical 

consumption, lower environmental impact, and improved safety.
Thermodynamics calculations (using HSC Chemistry 10) were per

formed to determine the spontaneity of the dissolution reaction and to 
help discuss the observed yield. The reaction equations considered are 
presented in Table 1. Different reactions were considered: the dissolu
tion of the solid complexes in water (Equations (5)and (8)), in H2SO4 
(Equations (6) and (9)), and the reaction of the oxalate complexes (solid 
or not) with the sulfuric acid forming sulfate in solution (Equations ((4), 
(7), (10) and (11)). Table S1 provide all computed entropies, enthalpies, 
and Gibbs free energies at various temperatures. Only the solid simple 
oxalates of Ni and Co are present in the database, whereas only the 
soluble form of Mn and Cu simple oxalates are available. Consequently, 
Ni and Co are particularly relevant for this study, as they present the 
most complete dataset.

The reaction between the solid TM oxalate and H2SO4, forming the 
sulfate-associated species, is spontaneous, i.e. negative ΔG. In contrast, 
the dissolution of the solid complexes in sulfuric acid or water, forming 

Fig. 1. Preliminary experiments of Leaching II with H2SO4 of the residue from Leaching I (V = 50 mL–300 rpm) – Leaching yield for all elements a) Effect of the 
temperature (S/L ratio = 50 g/L, [H2SO4] = 2 M, t = 60 min), b) Effect of the S/L ratio ([H2SO4] = 2 M, T = 65 ◦C, t = 60 min, c) Effect of the acid concentration (S/L 
ratio = 50 g/L, T = 65 ◦C, t = 60 min), and d) Effect of the molar ratios between nAcid:nTotalMetals.

Table 1 
Thermodynamic consideration – computed with HSC Chemistry 10 with stan
dard states (1 M, 1 atm) and 65 ◦C.

Reaction Equations ΔG(65 ◦C) 
(kJ/mol)

CoC2O4.2H2O (s) + H2SO4 (aq) ⇄ CoS O4 (aq) + H2C2O4 (aq) + 2H2O 
(4)

− 41.1

CoC2O4.2H2O (s) + H2O ⇄ CoC2O4 (aq) + 3H2O (5) 27.1
CoC2O4.2H2O (s) + H2SO4 (aq) ⇄ CoC2O4 (aq) + H2SO4 (aq) + 2H2O 

(6)
27.2

NiC2O4.2H2O (s) + H2SO4 (aq) ⇄ NiSO4 (aq) + H2C2O4 (aq) + 2H2O 
(7)

− 31.3

NiC2O4.2H2O (s) + H2O ⇄NiC2O4 (aq) + 3H2O (8) 27.2
NiC2O4.2H2O (s) + H2SO4 (aq) ⇄NiC2O4 (aq) + H2SO4 (aq) + 2H2O (9) 27.4
MnC2O4 (aq) + H2SO4 (aq) ⇄ MnSO4 (aq) + H2C2O4 (aq) (10) − 62.1
CuC2O4 (aq) + H2SO4 (aq) ⇄ CuSO4 (aq) + H2C2O4 (aq) (11) − 33.2
Cu (s) + 2H2SO4(aq)⇄CuSO4 (aq) + SO2 (g) + 2H2O (12) − 62.7
3H2C2O4 (aq) + H2O2⇄6CO2 (g) + 2H2 (g) + 2H2O (13) − 658.8
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the dissolved oxalate-associated species, is not spontaneous; this is 
predictable as they are known to be insoluble. Hence, it reinforces the 
hypothesis that the dissolution depends on the amount of acid provided 
to solubilize the oxalate, which then forms a metal sulfate complex in 
solution. This transformation seems to be the driving force of the 
dissolution. Also, note that the reaction between the soluble oxalate 
compound and H2SO4 is spontaneous.

Apart from the dissolution reactions, it is essential to mention that 
some side reactions are possible, such as the degradation of OA mole
cules with concentrated H2SO4, resulting in the formation of CO2 gas, or 
the presence of fluorine, which could interfere and create other species 
with the elements.

3.1.2. Scale-up
The Leaching II operation was scaled up to a reactor volume of 1 L. 

From the preliminary experiments, the agitation (300 rpm), temperature 
(65 ◦C), and molarity of H2SO4 (2 M) were fixed. The leaching duration 
was extended to 2 h instead of 1 to ensure that the system reaches 
equilibrium by the end of the operation, and to confirm that reaction 
kinetics are not limiting the process. The S/L ratios were varied to better 
observe the behavior of all metals and identify the driving force for the 
dissolution. The leaching yield and concentration in the solution after 
120 min are shown in Fig. 2 and for the individual elements in Fig. S3.

As in section 3.1.1, the general observation is that the higher the S/L 
ratios (lower molar ratios), the lower the dissolution yield. Li is almost 
fully recovered regardless of the applied conditions. More than 90 % of 
the Co, Ni, and Mn are dissolved for a molar ratio higher than 20, except 
for Cu, which is dissolved at about 70 % under the same conditions. Cu 
would need oxidative conditions to dissolve more efficiently, as it re
mains in the residue mainly as metallic Cu. Although the reaction is 
thermodynamically spontaneous (Table 2), it usually needs the addition 
of an oxidative agent to facilitate the recovery. However, using any 
oxidative source should be avoided here as it would enhance H2C2O4 
degradation, as seen in Equation (13). When the molar ratio is 5 (S/L 
ratios of 80 g/L), Co and Mn recovery decreases by about 30 %. This 
decrease in recovery is rather proportional to the reduction of molar 
ratios. Moreover, their concentration in the leachate increases promptly, 
4.5 and 3.4 g/L, respectively, against 1.8 and 1.2 g/L after leaching at 
20 g/L.

Ni dissolution does not follow the same trend as Mn and Co; its re
covery and concentration are distinct when the molar ratio is lower than 
20. After 120 min of leaching, Ni concentration reaches a plateau at 
about 1.5 g/L under most studied S/L conditions (Fig. 2b). In fact, Ni 
concentration initially goes above this level (up to 2 g/L for the higher S/ 

L ratio) but gradually drops after 30 min of leaching (Fig. 2c). Thus, it 
appears that Ni reaches a solubility limit at around 1.3 g/L when the 
acid-to-metal stoichiometry is lower than 20. However, when looking at 
the solubility data, the NiSO4 compound is highly soluble in water 
(solubility of 40 g/100 g H2O at 20 ◦C [36]). This suggests that Ni exists 
as oxalate in the solution and has a solubility of about 1 g/L (in a so
lution of 2 M H2SO4 at 65 ◦C). This observation contradicts the ther
modynamic data, which indicate that sulfates should form.

3.1.2.1. Leaching residue characterization. The metal composition of 
each leaching residue is provided in Table S2 and is consistent with the 
measured solution concentrations. The leaching residues were further 
analyzed by FT-IR (Fig. S4a) and XRD (Fig. 3a).

After leaching at 20 g/L, graphite is detected as the main phase 
remaining in the solid. Additional diffraction peaks are also observed; 
however, due to their very low intensity, a clear identification of phases 
is hindered. Based on the ICP-determined composition (Table S2), which 
shows the presence of Co, Ni, and Cu, these diffraction peaks are 
attributed to Cu and to possible CoO and NiO phases (Fig. S5a). Another 
diffraction peak at 18.7◦ 2θ can also be seen. This peak suggests the 
presence of a residual oxalate phase resulting from incomplete H2SO4 
leaching. Another possibility is the presence of a de-lithiated NMC-like 
phase (containing only Co and Ni) remaining from the initial BM 
(Fig. S5b). In our previous study [37], we determined that OA leaching 
occurs at the surface and in the bulk of NMC particles, potentially 
leading to the entrapment of unreacted NMC during oxalate precipita
tion, which was further leached by H2SO4 during Leaching II. The 
presence of residual oxides may be due to the absence of added reducing 
agents during leaching, which are typically used in inorganic acid 
leaching [38].

For the residues obtained after leaching at 40 g/L and 80 g/L, the 
diffraction patterns differ, and the peaks can be assigned to a graphite 
phase and to oxalates, consistent with the IR spectra (Fig. S4a). How
ever, unlike the residue from Leaching I, which consists of a single (Co, 
Ni,Mn)C2O4 ⋅ 2H2O phase, a peak splitting can now be observed (zoom, 
in Fig. 3a). A peak splitting was also observed by Wang et al., who 
showed that the mixture of CoC2O4 and NiC2O4 results in a hybrid phase 
instead of a solid solution phase [39]. This suggests the presence of two 
distinct oxalate phases after Leaching II. The identification of these 
phases was done with the help of a Pawley refinement (Fig. S6), and the 
results are provided in Table S3. The first oxalate phase corresponds to 
NiC2O4 ⋅ 2H2O for which the determined lattice parameters are in good 
agreement with the ones reported in the literature [40]. The other ox
alate could be identified as a disordered (Co,Ni,Mn)C2O4 ⋅ 2H2O phase, 

Fig. 2. Scale-up experiments of sulfuric acid leaching II of the residue I (V = 1 L – 300 rpm) - a) Leaching yield of every metals, b) the corresponding metal 
concentration in the leaching solution II (T = 65 ◦C, [H2SO4] = 2 M, t = 120 min) at different S/L ratios, and c) Nickel concentration during the different leaching 
experiments (T = 65 ◦C, [H2SO4] = 2 M, t = 120 min).
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similar to the one used as the starting material for Leaching II. However, 
the lattice parameters of this new mixed metal oxalate are slightly 
decreased, which can be attributed to the H2SO4 leaching and the 
associated changes in the composition.

Hence, this indicates that while the (Co,Ni,Mn)C2O4 phase from 
Leaching I dissolves, a new NiC2O4 phase forms once a threshold con
centration of 1.3 g/L in solution (Fig. 2) is reached. At that point, it 
appears that the dissolved Ni species reacts with the OA in solution, 
becomes insoluble and reprecipitates as Ni-oxalate. Moreover, the mixed 
metal oxalate peaks are less pronounced in the 40 g/L residue than in the 
80 g/L residue. This means that as the S/L ratio increases, the (Co,Ni, 
Mn)C2O4 ⋅ 2H2O oxalate phase reacts less, reducing the degree of 
leaching completion.

3.1.2.2. Leaching solution characterization. To better understand in 
which speciation Ni is present in the leachate solutions, they were 
studied using spectroscopic techniques. The UV/Vis spectra of the 
leachate solutions are compared to those of the standard TM sulfate 
solutions (Fig. 3b). These references were prepared by dissolving the 
respective sulfate salt in water to obtain a metal concentration corre
sponding to the one in the leachate solution at 80 g/L. NiSO4 shows a 
band centered around 390 nm as well as a broad band with two maxima 
centered around 650 nm and 730 nm, respectively. CoSO4 shows a 
multiple band at 510 nm, CuSO4 presents a broad band centered at 800 
nm, and for MnSO4, no bands can be evidenced.

In comparison, the leaching solutions show the same spectral fea
tures as these standard sulfate solutions. In all leachates, the Ni2+

absorbance band around 390 nm as well as the Co2+ multiple band 
centered at 510 nm can be clearly evidenced. This confirms the presence 
of Co and Ni sulfates in the solution, also in agreement with the FT-IR 
spectra (Fig. S4b). Moreover, above 770 nm, the absorbance in the 
leachates does not decrease as it is the case in the NiSO4 reference but 
rather shows similar spectral features as the CuSO4 reference, indicating 
the presence of Cu2+ ions in the leaching solution. Additionally, an 
intense absorbance band starting at 350 nm can be seen and is assigned 
to the presence of OA in the solution, which is formed as a by-product 
during the leaching process.

Regarding the absorbance band intensities, they increase propor
tionally with the S/L ratio, particularly those assigned to the Co2+ spe
cies. This is consistent with an increasing metal concentration in the 
leachates as presented in Fig. 2b. Interestingly, for the Ni2+ species, the 

band at 390 nm presents a maximum absorbance at around 0.2 for all 
solutions, except the 10 g/L leachate. This confirms the dissolution limit, 
as already observed in Fig. 2b. Hence, Ni exists primarily as sulfate in the 
solution, and its recovery limitation could be in the solubility limit of an 
intermediate product instead of the final one. The reaction presented in 
Equation (6) is not complete, even if thermodynamics considers it 
spontaneous. Beyond the solubility argument, some limitations could 
arise from the amount of acid provided or the kinetics.

Equation (14) expresses the proposed leaching mechanism of the 
mixed metal oxalate with H2SO4. The oxalate phase is depleted of the 
three elements more or less simultaneously leading to the formation of 
metal sulfates in solution. However, a large excess of acid is required to 
complete the reaction. If the S/L ratio is too high, a new oxalate phase 
containing mainly Ni is formed due to the maximum dissolution of Ni 
under the studied conditions, as revealed by Equation (15). 
(
CoxNiyMnz

)
C2O4 . 2H2O + H2SO4⇄x CoSO4 + y NiSO4
+z MnSO4 + H2C2O4 + 2H2O (14) 

NiSO4 + H2C2O4⇄NiC2O4 + H2SO4 (15) 

Different potential strategies for the recycling process can be 
considered. As highlighted above, close to 100 % recovery of all material 
involves the production of a low-concentration solution, while higher S/ 
L ratio decreases the recovery but produces a concentrated solution. To 
maximize the recovery of all elements, two alternatives can be proposed 
(as seen in Fig. S7a). 

- The leaching operation is run at an S/L ratio of 20 g/L, leading to a 
recovery of close to 95 % but with low metal concentration 
(approximately 1.5 g/L). This S/L ratio is relatively low for industrial 
standards, as it will involve larger chemical consumption and longer 
processing time for the same mass of waste processed [41,42]. The 
mass balance for this strategy is provided in Fig. S7b.

- The process could be done in several stages: a first leaching with an 
S/L ratio of 40 g/L and a second step at 20 g/L to overcome the 
solubility of Ni and reach 100 % recovery. This alternative was tested 
in the lab, and the overall recovery exceeded 95 % for all elements, 
yielding two solutions with different concentrations, giving potential 
for the precipitation of different CAM precursors.

For the rest of the study, only the first option was considered, as it 

Fig. 3. a) XRD pattern of the leaching residue II at S/L ratios of 20, 40 and 80 g/L with two zooms in the pattern in the region 34–45◦ 2θ and b) UV–Vis spectra of the 
resulting leaching solutions (T = 65 ◦C, [H2SO4] = 2 M, t = 120 min, 300 rpm agitation) at different S/L ratios (top) and of standard sulfate solution (concentration 
corresponding to the concentration in the leaching solution determined by ICP: [Co] = 3.58 g/L, [Ni] = 0.72 g/L, [Mn] = 2.99 g/L, and [Cu] = 0.26 g/L) and the OA 
leaching solution (marked OA L.) (bottom).
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was evaluated to have stronger industrial potential than the two-stage 
leaching process.

3.2. Towards the production of CAM precursors

3.2.1. Impurity concern – Removal of Cu
The major contaminant in the solution regarding its potential for 

cathode material precursor is Cu [35,43–48]. It is worth noting that Li is 
not seen as an impurity, as in very low quantities, it will not affect the 
NMC synthesis [35,46]. On the contrary, it could participate depending 
on the synthesis process chosen in the end. Metallic Cu is known to have 
a negative effect on the electrochemical performance of the regenerated 
NMC materials. A moderate amount of Cu ions could promote particle 
nucleation, enhance primary particle growth, and reduce cation mixing 
in the NMC cathode. However, an excess of Cu would degrade electro
chemical performance [44,45]. With that in mind, Cu must be removed 
and left only at a trace level. The limit of acceptance would vary 
depending on the desired performance, based on reported values, the 
limit was set at 5 ppm in this work [43,47,48]. Precipitation techniques 
cannot be used as other elements could co-precipitate, and minimizing 
losses is crucial in this process. Hence, solvent extraction (SX) is the 
technology of choice for this separation. It allows a selective and 
effective metal recovery from an aqueous solution, even at trace levels. 
Cu extraction has been well-documented over the years. However, its 
extraction from a sulfuric aqueous matrix accompanied by residual OA 
has not yet been demonstrated. OA still has a complexing ability and 
could form some soluble anionic Cu oxalate form, which could resist the 
extraction system.

The extractant selected is Acorga M5640, a commercial extractant 
widely used in the industry because of its high selectivity on Cu. It is an 

acidic extractant expected to follow Equation (16). Hence, Cu extraction 
efficiency is significantly impacted by the pH of the feed solution and the 
equilibrium pH. For instance, optimal extraction conditions for Acorga 
M5640 were found at an equilibrium pH of 2.5, where nearly 92 % of Cu 
was extracted [49,50]. Other authors report that about 85 % extraction 
could be achieved from a feed containing Cu and Zn in perchloric acid at 
an initial pH of 1 [51]. To optimize Cu extraction, equilibrium pH 
control would be recommended (e.g., adding a base to neutralize the 
leachate solution, such as NaOH) to shift the equilibrium towards the 
extractable complex formation. The natural pH of the leachate solution 
is below 0. 

Cu2+ + 2 HE⇄CuE2 + 2 H+ (16) 

3.2.2. pH control
Prior to performing the extraction test, the pH of the solution was 

adjusted to evaluate its influence on the oxalate solubility while 
removing acidity and therefore the apparition of a solid phase. The 
presence of a solid (3rd phase) during SX is highly undesirable, as it can 
interfere with phase separation, reduce extraction efficiency, and 
complicate downstream processing. For this reason, systems exhibiting 
solid formation during extraction are typically avoided. Therefore, these 
pH adjustment experiments are essential for the rest of the study, and the 
tests were performed on the leachate solution (S/L ratio = 20 g/L).

The variation of concentrations after adjusting and controlling the 
pH are depicted in Fig. 4a and Fig. S8. It shows that the elements are 
unstable in the solution; after a couple of hours, the metal concentration 
is decreased by half, and a white powder is visible at the bottom of the 
reactor. The XRD patterns (Fig. 4c) obtained after pH = 2 and 4 pre
cipitation reveal that oxalates are formed. The results of the Pawley 
refinement are provided in Fig. S9 and Table S4. These precipitates are 

Fig. 4. Precipitation of the elements from the leaching solution II (20 g/L, 2 M, 65 ◦C, 120 min) – Evolution of the metal concentration after adjusting the pH a) at 2, 
b) at 4, and c) XRD pattern of precipitates obtained at pH = 2 and 4 and a zoom in each pattern between 2θ = 31–45◦.
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again a single disordered mixed metal oxalate phase with a general 
formula (Co,Ni,Mn)C2O4 ⋅ 2H2O (no peak splitting observed). The lattice 
parameters are close to the ones expected for the single-metal oxalates 
[40] and can be considered as a mean of the individual oxalate lattice 
parameters. This further confirms that all elements co-precipitate. It 
should also be noted that Na2SO4 (PDF: 00-037-1465) forms as a 
byproduct of the process, which should be possible to remove by adding 
a washing step during the optimization of the precipitation of the CAM 

precursor.
Precipitation occurs even at pH 1, as seen in Fig. S8, which poses a 

significant challenge for Cu removal as the equilibrium pH cannot be 
controlled during SX due to the potential 3rd phase formation. Addi
tional pH adjustment tests show that a pH of 0.4 avoids any precipita
tion, and metals remain stable in the solution. Hence, the pH of the 
solution was fixed at that initial value before continuing SX 
investigation.

Fig. 5. Extraction yield (blue) and distribution coefficient (orange) of Cu and extraction yield for the other elements – a) Effect of the mixing time (θ = 1; T = 25 ◦C; 
10 % v/v ACORGA M5640/ESAID), b) Effect of the temperature (θ = 1; t = 30 min; 10 % v/v ACORGA M5640/ESAID), c) Effect of the Acorga M5640 concentration 
(θ = 1; t = 30 min, T = 25 ◦C), d) Effect of the leaching solution composition (θ = 1; T = 25 ◦C; t = 30 min; 10 % v/v ACORGA M5640/ESAID), e) Effect of θ (T =
25 ◦C; t = 30 min; 10 % v/v ACORGA M5640/ESAID) and f) Theoretical number of stage under different conditions – High is higher than 12. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Although the oxalate precipitation complicates the Cu separation via 
SX, it may offer a valuable advantage for the whole process. Specifically, 
it opens the possibility of directly producing the mixed metals oxalates 
from the recycled solution. These compounds are already known to have 
substantial potential as precursors for CAM or as energy materials in 
some storage devices [52–55], making the proposed process technically 
promising. Additionally, if metal oxalates are removed from the solu
tion, the sulfuric acid solution could be regenerated and reused in the 
process which could be economically favored.

3.2.3. Solvent extraction batch experiments
As demonstrated, equilibrium pH control is not an option in this 

process as precipitation may occur [56]. For the SX study, the leaching 
solution at 80 g/L is used as it presents the highest concentration of Cu. 
At low feed pH, the extraction is more sensitive to variations in the feed 
Cu concentration [50,57]. Thus, all leachate solutions will be tested 
under optimum conditions. Before extraction, all solutions had their pH 
adjusted to 0.4. The extraction yield of Cu, Mn, Co, and Ni and D-value 
of Cu are shown in Fig. 5, and the selectivity of Acorga M5640 for Cu is 
demonstrated. Phase separation is easily achieved, and the organic 
phase changes from transparent to golden once Cu is loaded.

Equilibrium is reached after 15 min (Fig. 5a), and 35 % of Cu is 
extracted. This low extraction level is expectable as the feed solution has 
a quite low pH (0.4), hindering the extraction reaction, as explained 
above. Additional parameters are investigated to increase Cu recovery 
and shift the equilibrium towards extraction. The very low co-extraction 
of the other valuable metals is a key factor in the operation. Scrubbing 
will not be required, which would have complicated the purification 
process and increased operational costs. A time of 30 min is selected for 
further investigations.

Temperature impacts the extraction yield; it increases from 35 % at 
25 ◦C to 49 % at 60 ◦C (Fig. 5b). This 14 % increase is not surprising as 
the extraction mechanism with Acorga M5640 is an endothermic reac
tion, hence, higher temperature shifts the equilibrium toward complex 
formation between the metal ions and the extractant [50,51]. The 
temperature also affects the physical properties of the organic phase, 
such as viscosity and density, which are not limiting in this case. Hence, 
experiments were performed at 25 ◦C, as this decreases the need for 
energy and the complexity of the process.

The parameter that most impacts Cu recovery is the concentration in 
Acorga M5640 (given in volume percentage in ESCAID). For 5 % v/v 
Acorga M5640, the extraction is at 21 %, while it is about 50 % for a 
concentration of 30 % v/v. Co, Mn, and Ni co-extraction is not strongly 
affected and keeps an average value of about 2 % (Fig. 5c). An extraction 
of 50 % is low, considering the applied condition, but not surprising 
considering the very low concentration of the element in the solution. As 
mentioned above, the pH is extremely low, which can affect the 
extraction mechanism, i.e., it can lead to the extractant protonation and 
affect the equilibrium.

In the same way as the Acorga M5640 concentration, increasing θ 
largely favors the extraction (Fig. 5e). Extraction capacities are identical 
depending on the leachate solution used as feed (Fig. 5d), which was 
essential in the development process. All experiments are batch exper
iments, and multistage operations will be needed to achieve a satisfying 
separation of Cu (under 5 ppm, so above 99 % efficiency percentage). 
Equation (15) represents another simplified expression of the extraction 
percentage in the case of crosscurrent extraction. Equation (16) is the 
expression of the percentage extracted for countercurrent extraction; it 
is also known as the Kremser equation. They can both be used to 
determine the theoretical number of stages (n) needed. 

%EM = 1 −
1

(1 + DM . θ)n (15) 

%EM = 1 −
DM . θ − 1

DM . θn+1 − 1
(16) 

Data obtained for the batch experiments (D-values) were computed 
to obtain the theoretical number of stages needed to achieve the 99 % of 
extraction needed; results are reported in Fig. 5f. Cross-current extrac
tion would require fewer stages, but it consumes a large volume of 
organic material as fresh organic solution is distributed at each stage. 
Counter-current extraction would need more stages and a minimum θ of 
2 for effective extraction and is industrially preferred. With this pre
diction, we would still recommend its usage as less volume is spent. 
Moreover, increasing the temperature, despite the increase of energy 
needed, can significantly reduce the number of stages (4 stages less 
when the temperature is increased from 25 to 60 ◦C). Additional 
experimental tests and validation would be needed to validate this 
theoretical number of stages.

Additionally, stripping experiments were performed to validate the 
unloading of Cu. They were performed with 2 M H2SO4 at 25 ◦C and θ at 
0.5. For all organics solutions tested, 100 % of the Cu could be stripped 
with high purity (>99.5 % Cu).

4. Conclusions

A novel LiB recycling process has been investigated to support cir
cular economy goals and reduce reliance on virgin materials. The 
method begins with selective lithium recovery using OA leaching, dis
solving 85 % of Li and all Al, which minimizes downstream 
contamination.

The remaining residue (containing TM oxalate, graphite, and Cu) is 
then leached with sulfuric acid. A one-stage leaching (20 g/L) with 2 M 
H2SO4 at 65 ◦C for 120 min recovers over 95 % of Co, Ni, Mn, and 70 % 
of Cu. After leaching, graphite is recovered by filtration. Higher S/L 
ratios lead to the presence of two oxalate phases in the residue: one 
enriched in Ni, and one containing all TM elements.

Cu is removed via solvent extraction using Acorga M5640 (30 % v/v 
Acorga M5640 in ESCAID for 30 min, at 25 ◦C, with θ = 4 and 4 counter- 
current stages), achieving concentrations below 5 mg/L. The final pu
rified solution (1.83 g/L of Co, 1.41 g/L of Ni, 1.23 g/L of Mn and 0.266 
ppm of Cu) is suitable for synthesizing NMC111 oxalate precursors. This 
process offers a sustainable, high-yield alternative to conventional 
sourcing. However, the solvents recyclability remains a challenge and 
will be addressed in future research.

CRediT authorship contribution statement
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