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Abstract: Recent studies in hydrometallurgy are focused on developing eco-friendly and selective
leach agents such as organic acids. These agents can extract metal ions, which are usually separated
through precipitation methods. When traditional methods are used, the separation is complex and
time-consuming, and each metal cation is required to be isolated separately. Moreover, extracted
metal salts are subsequently recombined in the regeneration of cathode materials. To simplify this, a
novel simultaneous precipitation approach has been developed, allowing the separation of metal
salts that can directly contribute to regenerating novel cathode materials, bypassing the need for
separate isolation. This study aimed to recover cobalt, nickel, and manganese from the organic
leach solution of spent lithium-ion batteries (LIBs) through co-precipitation of metal oxalates. The
investigation includes the selection of organic acids and the best parameters for the leaching process,
as well as testing different molar ratios of the metals M2+ (M = Co, Ni, Mn) to oxalic acid (1:3, 1:4.5,
1:6, and 1:7.5) to examine the effects of the precipitating agent on the recovery percentages of the
metals. The findings indicate that 2 M citric acid and 4 vol% H2O2 is the optimal parameter in the
leaching process. Meanwhile, in the co-precipitation process, an increase in the molar ratio leads
to a corresponding rise in the resulting metal recoveries. At the ratio of 1:7.5, cobalt, nickel, and
manganese were recovered to the extent of 99.26%, 98.93%, and 94.01%, respectively. Nevertheless,
at the increased molar ratio, the co-extraction of lithium and aluminum was observed, resulting in
reduced selectivity and decreased precipitate purity.

Keywords: battery recycling; spent lithium-ion batteries; organic acid leaching; co-precipitation;
oxalic acid; metal oxalate

1. Introduction

Lithium-ion batteries (LIBs) are widely utilized in electric vehicles, mobile phones,
computers, and other electronic devices due to their advantages, such as high energy
density, small size, safety, and extended life cycle [1]. In the latest research report, the global
LIBs market is forecast to grow from USD 44.5 billion in 2022 to USD 135.1 billion in 2031
at a compound annual growth rate (CAGR) of 13.1%. In 2022, Germany led the European
market, and from that year to 2031, it is predicted to see the highest CAGR. One factor
driving market expansion in the region is the country’s reputation as one of the leading
car manufacturers in Europe [2]. Environmental and economic aspects are the two main
factors that describe how important and urgent LIB recycling is. The presence of cobalt and
nickel as toxic-metal components has led to LIBs being considered typical hazardous waste.
In addition, the critical metals, i.e., lithium, nickel, cobalt, and manganese, which are only
produced in limited countries, will experience a sustained price increase as a result of the
strong growth in demand. Lithium, nickel, cobalt, and manganese are part of the list of
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34 critical raw materials (CRMs) that are of essential importance to the European Union’s
economy [3].

Two common recycling routes that can be used in LIBs are pyrometallurgy and hy-
drometallurgy. However, hydrometallurgy comes with its advantages. It allows the
recovery of valuable and critical metals such as lithium, a task that pyrometallurgical
methods cannot accomplish [4]. Additionally, it is distinguished by its minimal energy
consumption and reduced gas emissions [4,5]. In general, a typical hydrometallurgical
process consists of pre-treatment, acid leaching, and metal separation. A crucial step in the
pre-treatment process, in addition to mechanical treatment, is pyrolysis. It removes organic
compounds, such as binders and electrolytes, which enables easier hydrometallurgical
processing of LIBs and a higher metal recovery efficiency [6].

Inorganic acids such as hydrochloric acid (HCl), sulfuric acid (H2SO4), and nitric acid
(HNO3) have been proven to be efficient solvents for leaching of LIBs. However, these
particular acid types are not capable of selectively dissolving metals, exhibit higher corro-
siveness towards equipment, present increased potential hazards to operators, and release
undesired toxic gases such as SO3, Cl2, and NOx, which are considered unacceptable from
an environmental perspective. In addition, it is necessary to subject inorganic acids to ex-
pensive wastewater treatment [1,7,8]. Recent advancements in hydrometallurgical research
have moved their focus toward the development of more selective, safer, environmentally
friendlier, and sustainable leaching agents, such as organic acids. These agents can achieve
comparable leaching performance to inorganic acids while employing reductive leaching
methodologies [9].

Several investigations have focused on using organic acids to leach waste cathodic
materials from spent LIBs. The most common organic leaching solutions are citric acid,
DL-malic acid, and succinic acid. Li et al. [10] studied the recovery of lithium and cobalt
from spent LiCoO2 (LCO) batteries using succinic acid in the presence of H2O2. They
achieved almost complete cobalt and substantial lithium leaching—nearly 100% and 96%,
respectively, under optimal conditions of 1.5 M succinic acid concentration, 4 vol% H2O2,
15 g/L S/L ratio, 70 ◦C reaction temperature, and 40 min reaction time. In a separate study
by Li et al. [9], lithium and cobalt were leached from cathodic LCO material using citric
acid and H2O2. Under the best conditions of 1.25 M citric acid, 1 vol% H2O2, a 20 g/L
S/L ratio, and 90 ◦C reaction temperature, they achieved a recovery of 93% for cobalt and
99% for lithium within 30 min. Li et al. [11] explored the extraction of cobalt and lithium
from LCO cathodic material in spent LIB using DL-malic acid as a leaching agent. They
achieved a recovery of 93% cobalt and 99% lithium after leaching with 1.5 M DL-malic acid
and 2.0 vol% H2O2 at 90 ◦C and a 20 g/L S/L ratio within a 40 min reaction time.

Previous research findings highlight the significance of acid concentration and H2O2
in influencing the leaching process. Li et al. [11] studied the effect of DL-malic acid
concentration on the extraction of lithium and cobalt. They found that an acid concentration
of 1.5 M led to optimal results, with up to 93% cobalt and 99% lithium dissolution. Similarly,
Li et al. [9] examined the effect of citric acid concentration on leaching and reported that the
leaching efficiency increased by about 70% for cobalt and 63% for lithium when the citric
acid concentration was increased from 0.3 M to 1.25 M. Comparable findings were reported
by Li et al. [10,12] when using succinic acid or lactic acid as leaching agents. Additionally,
investigations by Gao et al. [13], Li et al. [9–11], and Gerold [14] explored the impact of
H2O2 addition, highlighting its role in aiding the dissolution of LIB cathodic materials. In
particular, H2O2 facilitates the dissolution of compounds such as LiNi1/3Mn1/3Co1/3O2
(NMC111), LiCoO2 (LCO), or LiMn2O4 (LMO) by reducing Co3+ and Mn4+ into the more
soluble Co2+ and Mn2+. This process also promotes the dissolution of nickel and lithium,
as these metals are part of the same oxide compound [9,13].

Compared to other methods for metal separation, co-precipitation is often regarded as
the simplest, most effective, and cost-efficient technique. Various coprecipitating agents
are known, including sodium hydroxide, sodium carbonate, and oxalic acid [15]. He
et al. and Yang et al. documented the co-precipitation of Ni2+, Co2+, and Mn2+ ions
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from the leach solution using sodium carbonate and sodium hydroxide [16,17]. Both co-
precipitation methods require strict control of several factors, such as pH, temperature,
and complexing agents, to achieve the desired materials. Furthermore, the hydroxide co-
precipitation process must be carried out in an inert atmosphere to prevent the formation of
inhomogeneous precipitates with varying crystal structures and compositions. In contrast,
oxalic acid offers a simpler recovery process without the need for an inert atmosphere
and strict control over co-precipitation parameters [15]. In the co-precipitation process,
the metal ions are co-precipitated, resulting in the formation of water-insoluble metal
compounds. In a typical precipitation process, each metal ion, namely lithium, cobalt, nickel,
and manganese ions, are precipitated individually using different separation methods,
resulting in the formation of diverse compounds. This traditional precipitation method
is considered very complicated and time-consuming. Additionally, the isolated cobalt,
nickel, and manganese salts are later recombined during the regeneration or resynthesis
of cathode materials, such as NMC111 [18]. To avoid the need for individual separation,
a novel approach by using oxalic acid co-precipitation has been devised to precipitate
the valuable metal salts simultaneously. The resulting salts are suitable for subsequent
calcination to form oxides or serve as precursors for the regeneration of the new cathode
material [15,19,20].

Among organic acids, oxalic acid exhibits relatively strong acidity. At standard room
temperature, the equilibrium constant (Ka) for the initial H+ dissociation is 5.37 × 10−2 mol/L
(pKa = 1.27). The subsequent loss of the second H+ results in the formation of oxalate ions,
governed by an equilibrium constant of 5.25 × 10−5 mol/L (pKa = 4.28). The dissociation
process of oxalic acid can be depicted using the following reactions [19,21]:

H2C2O4 ↔ HC2O−
4 + H+ Ka1= 5.37 × 10−2 mol/L (1)

HC2O−
4 ↔ C2O2−

4 +H+ Ka2= 5.25 × 10−5 mol/L (2)

The oxalate ion (IUPAC: ethanedioate ion) is a bidentate anionic ligand with the
capacity to donate two pairs of electrons to a metal ion. Due to its ability to bind to a metal
cation at two different sites, this ligand is commonly referred to as a chelating ligand [22].
In historical contexts, oxalate has been used as a precipitating agent in rare earth extraction
processes [23,24]. The solubility of oxalate compounds varies depending on the interactions
between the metal and the ligand. Table 1 categorizes metal oxalate compounds in battery
recycling into soluble and insoluble types. Compounds with a solubility of less than 1 g/L
of water at 25 ◦C are considered qualitatively insoluble. The differences in the solubility
among various metal oxalate species can be strategically utilized to achieve effective metal
separation [25].

Table 1. Qualitative water solubility for relevant oxalate compounds in battery recycling at 25 ◦C
data from ref. [26].

Compounds (Insoluble) Compounds (Soluble)

Al2(C2O4)3·H2O Fe(C2O4)3
CoC2O4·2H2O Li2C2O4

CuC2O4·0.5H2O -
FeC2O4·2H2O -
MnC2O4·2H2O -
Ni2C2O4·2H2O -

Oxalate derived from organic sources has minimal to no impact on the environment
and is generally safer to handle compared to conventional inorganic acids. Furthermore, it
holds the promise of facilitating the development of a more energy-efficient process. Given
these attributes, oxalate holds immense potential to establish a robust foundation for future
advancements in metal separation [1,22].
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The main aim of this study is to investigate the processes for recovering cobalt, nickel,
and manganese from an organic leach solution of spent LIB (pyrolyzed black mass of
LiCo1/3Ni1/3Mn1/3O2, NMC111) using co-precipitation of metal oxalates. “Black mass”
refers to a mixture obtained from pre-treatment processing of spent batteries. In the initial
stage, experiments will be conducted utilizing citric acid, DL-malic acid, and succinic acid
as organic leaching agents with varying acid concentrations and amounts of H2O2. Once
the optimal organic acid and experimental parameters are determined, these factors will be
then employed as parameters in making a leach solution, which was subsequently utilized
in the following process of co-precipitation. In the co-precipitation process, oxalic acid
will be employed as the precipitating agent. Subsequently, experiments will be conducted,
varying the oxalic acid-to-metal ratios to obtain the optimal recovery values for nickel,
manganese, and cobalt.

2. Materials and Methods

The experimental method utilized in this study comprised three major stages—black
mass preparation (pyrolysis and mechanical pre-treatment), organic acid leaching, and
oxalate precipitation. The overview of the experiment can be seen in Figure 1.
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2.1. Preparation of the Black Mass

NMC materials (LiNixCoyMn1−x−yO2) sourced from spent LIBs (supplied by Litacells)
were used in the experimental investigations. Initially, the batteries were disassembled
into individual cells by the material supplier to initiate the investigation. Subsequently,
the batteries were subjected to pyrolysis at a temperature of 550 ◦C [27] and operated for
approximately three hours to facilitate the separation of organic compounds, particularly
the binder that binds the aluminum foil and cathode. The bonding between the aluminum
foil and cathode can potentially affect the extraction of valuable metals in subsequent
processes [28]. After pyrolysis, the samples were passed through a series of mechani-
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cal processes to decrease particle size, remove steel casing, aluminum, and copper, and
attain uniformity before being used as feed material (black mass) in leaching and precipi-
tation processes. Before being utilized in the next process, the composition of black mass
was determined by inductively coupled plasma optical emission spectrometry (ICP-OES;
Agilent 5900 SVDS, Waldbronn, Germany). For the sample, 50 mg of black mass was
dissolved using 8 mL aqua regia (6 mL HCl and 2 mL HNO3) in a microwave pressure
digestion (Multiwave PRO; Anton-Paar, Graz, Austria; 30 min holding time, 200 ◦C and
up to 50 bar). Table 2 shows the composition of the black mass resulting from this analy-
sis. This analysis identified that the type of batteries used in the experiments is NMC111
(LiNi1/3Co1/3Mn1/3O2).

Table 2. Metal composition of the black mass.

Al Cu Co Li Mn Ni Fe C

% % % % % % % %

4.65 0.25 8.80 3.20 8.17 8.80 0.07 43.10

2.2. Organic Acid Leaching Procedure

Three organic acids, including citric acid, DL-malic acid, and succinic acid, were
evaluated for their leaching performance to determine the appropriate leaching agent.
The organic acid concentration and volume of H2O2 were varied, while the leaching
temperature, S/L ratio, and reaction time were kept constant (see Table 3). The values for
each parameter are based on the optimal values used in several previous studies [9,29–33].
The organic acid with the best leaching performance will be used as the leaching agent for
the feed in the following precipitation procedure.

Table 3. Variable and fixed parameters for organic acid leaching experiment.

Variable Parameters Fixed Parameters

Leaching agent
(Citric acid, DL—Malic acid, Succinic acid) Leaching temperature (80 ◦C)

Acid concentration (1 M, 2 M) S/L ratio (20 g/L)
Volume of H2O2 (1 vol%, 4 vol%) Reaction time (60 min)

Leaching with organic acid solutions of the desired concentration was carried out in
a closed leaching reactor with a capacity of 1 L. The aqueous solutions of organic acids
were prepared by dissolving appropriate amounts of pure citric acid (Merck, Darmstadt,
Germany, >99.5%), DL-malic acid (Sigma Aldrich, ≥98%; Darmstadt, Germany), or succinic
acid (Sigma Aldrich, ≥99%) in deionized water. After the acid was added to the leaching
reactor, the impeller and the heater were set to 250 rpm and 80 ◦C, respectively. Once the
actual temperature was 80 ◦C, the sample (black mass) with an S/L ratio of 20 g/L was
inserted into the reactor slowly. The reaction time for the experiment was 60 min. During
the experiment, H2O2 was gradually added. The leach solution was separated from the
leaching residues by vacuum filtration. Afterward, samples of the leach solution were
characterized using ICP-OES. The leaching efficiencies of metals were described according
to Equation (3):

Leaching efficiency (%) =
L2
L1

× 100% (3)

where L1 represents the amount of metal present in the initial feed or black mass before
leaching, while L2 denotes the amount of metal dissolved in the solution. All experiments
were carried out three times to guarantee a high reliability of the obtained results.
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2.3. Oxalate Precipitation Procedure

Oxalic acid (H2C2O4) was used to separate the mixed cobalt, nickel, and manganese
from the organic acid leach solutions. The oxalic acid solution (PanReac AppliChem,
>99.50%; Bremen, Germany) was added to the leach solutions at 50 ◦C [34] at various molar
ratios (see Table 4). This procedure took place on the magnetic stirring device (250 rpm) for
60 min before the suspension was filtrated by vacuum filtration. The color of the residue
was light pink. The ICP-OES characterization was performed on filtrate samples. The
calculation of metal recovery percentages was determined using Equation (4).

Metal recovery (%) =
M1 − M2

M1
× 100% (4)

where M1 stands for the quantity of metal in the solution before precipitation, whereas
M2 signifies the amount of metal remaining in the solution after the precipitation pro-
cess. All experiments were carried out three times to guarantee a high reliability of the
obtained results.

Table 4. Parameters of the precipitation experiments.

Exp. Precipitating
Agent

Conditions

Temp. Reaction
Time pH Molar Ratio of M2+

to Oxalic Acid

(◦C) (min) - -

1 Oxalic Acid 50 60 2 ± 0.1 1:3
2 Oxalic Acid 50 60 2 ± 0.1 1:4.5
3 Oxalic Acid 50 60 2 ± 0.1 1:6
4 Oxalic Acid 50 60 2 ± 0.1 1:7.5

3. Results
3.1. Organic Acid Leaching Results

The effect of organic acid used on cobalt, nickel, and manganese leaching with 1 M
concentration and 1% H2O2 is shown in Figure 2. The figure shows that citric acid has the
highest efficiency in leaching cobalt, nickel, and manganese with an efficiency range of
approximately 97%. This is closely followed by DL-malic acid with an efficiency of around
95% and succinic acid with an efficiency ranging from 89% to 90%.
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Figure 3 demonstrates the effect of different citric acid concentrations on cobalt, nickel,
and manganese leaching in 1 vol% H2O2. The graph indicates an increase in the leaching
rate when the citric acid concentration increases from 1 M to 2 M. At a concentration of
1 M, the leaching percentages for cobalt, nickel, and manganese were 96.67%, 96.74%, and
97.32%, respectively. Increasing the concentration to 2 M led to an increase in the leaching
percentage to 98.99% for cobalt, 98.91% for nickel, and 98.84% for manganese.
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Leaching investigations were also carried out to analyze the effect of adding H2O2
on the leaching process. The effect of H2O2 on cobalt, nickel, and manganese recovery
in 1 M citric acid is shown in Figure 4. An increased addition of H2O2 resulted in a
slightly faster leaching kinetic. At 1 vol% H2O2, the leaching percentages were 96.67% for
cobalt, 96.74% for nickel, and 97.32% for manganese. When increasing to 4 vol% H2O2,
the leached percentages for cobalt, nickel, and manganese increased slightly and reached
97.16%, 96.75%, and 97.77%, respectively.
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Throughout all conducted experiments, lithium and aluminum followed the same
trend as the leaching cobalt, nickel, and manganese. This indicates that the trends observed
are representative of the overall experimentation. From the collective trends observed, it is
evident that the optimization of recovery values can be achieved by utilizing citric acid as
the leaching agent at a concentration of 2 M and 4 vol% H2O2 volume. Figure 5 illustrates
that when using 2 M citric acid and 4 vol% H2O2, the leaching efficiency of valuable metals
such as cobalt, nickel, manganese, and lithium is around 99%, while aluminum, an impurity
in the leach solution, has a recovery rate of about 33%. The metal concentrations in the
aqueous solutions during the leaching process using citric acid 2 M and 4 vol% H2O2 are
detailed in Table 5. Copper and iron are disregarded in the following stages of the process
and are regarded as minor impurities due to their extremely low concentrations in aqueous
solutions, specifically 1.81 ppm and 1.16 ppm, respectively.

Metals 2024, 14, x FOR PEER REVIEW 8 of 13 
 

 

5 illustrates that when using 2 M citric acid and 4 vol% H2O2, the leaching efficiency of 
valuable metals such as cobalt, nickel, manganese, and lithium is around 99%, while alu-
minum, an impurity in the leach solution, has a recovery rate of about 33%. The metal 
concentrations in the aqueous solutions during the leaching process using citric acid 2 M 
and 4 vol% H2O2 are detailed in Table 5. Copper and iron are disregarded in the following 
stages of the process and are regarded as minor impurities due to their extremely low 
concentrations in aqueous solutions, specifically 1.81 ppm and 1.16 ppm, respectively. 

 
Figure 5. The leaching efficiency of metals with 2 M citric acid, and 4 vol % H2O2. 

Table 5. Metal composition of the organic acid leach solution (2 M citric acid and 4 vol% H2O2). 

Al Cu Co Li Mn Ni Fe 
g/L ppm g/L g/L g/L g/L ppm 
0.31 1.81 1.75 0.63 1.62 1.75 1.16 

To obtain maximum efficiency in leaching and optimize the subsequent precipitation 
experiments, the following parameters were employed in the leaching process: a citric acid 
concentration of 2 M, H2O2 of 4 vol%, a leaching temperature of 80 °C, an S/L ratio of 20 
g/L, and a reaction time of 60 min. 

3.2. Oxalate Precipitation Results 
The precipitation of metals from the leach solution was investigated by the addition 

of different molar ratios of oxalic acid. Figure 6 depicts the relationship between the molar 
ratio of M2+ to oxalic acid and the percentage recovery of metals. The diagram clearly 
shows that the addition of oxalic acid leads to a significant increase in metal precipitation. 
In the case of cobalt, the lowest ratio (1:3) yields a 97.69% recovery. Increasing the ratio to 
1:4.5 leads to a significant improvement, reaching 99.22%, and further increases to 1:6 and 
1:7.5 lead to cobalt recoveries of 99.27% and 99.26%, respectively. Nickel recovery exhibits 
a similar pattern, with an increase from 91.56% at the ratio of 1:3 to 98.55% at 1:4.5, at ratios 
of 1:6 and 1:7.5, the increase is comparatively lower at less than 0.5%. Manganese recovery 
follows a more gradual progression, starting at 63.70% at 1:3, increasing to 86.87% at 1:4.5, 
91.23% at 1:6, and peaking at 94.01% at 1:7.5. Compared to cobalt and nickel, manganese 
recovery is lower. This reduced recovery can be attributed to the higher solubility of man-
ganese in the oxalate form when compared to cobalt and nickel [35]. 

Figure 5. The leaching efficiency of metals with 2 M citric acid, and 4 vol % H2O2.

Table 5. Metal composition of the organic acid leach solution (2 M citric acid and 4 vol% H2O2).

Al Cu Co Li Mn Ni Fe

g/L ppm g/L g/L g/L g/L ppm

0.31 1.81 1.75 0.63 1.62 1.75 1.16

To obtain maximum efficiency in leaching and optimize the subsequent precipitation
experiments, the following parameters were employed in the leaching process: a citric acid
concentration of 2 M, H2O2 of 4 vol%, a leaching temperature of 80 ◦C, an S/L ratio of
20 g/L, and a reaction time of 60 min.

3.2. Oxalate Precipitation Results

The precipitation of metals from the leach solution was investigated by the addition of
different molar ratios of oxalic acid. Figure 6 depicts the relationship between the molar
ratio of M2+ to oxalic acid and the percentage recovery of metals. The diagram clearly
shows that the addition of oxalic acid leads to a significant increase in metal precipitation.
In the case of cobalt, the lowest ratio (1:3) yields a 97.69% recovery. Increasing the ratio to
1:4.5 leads to a significant improvement, reaching 99.22%, and further increases to 1:6 and
1:7.5 lead to cobalt recoveries of 99.27% and 99.26%, respectively. Nickel recovery exhibits a
similar pattern, with an increase from 91.56% at the ratio of 1:3 to 98.55% at 1:4.5, at ratios
of 1:6 and 1:7.5, the increase is comparatively lower at less than 0.5%. Manganese recovery
follows a more gradual progression, starting at 63.70% at 1:3, increasing to 86.87% at 1:4.5,
91.23% at 1:6, and peaking at 94.01% at 1:7.5. Compared to cobalt and nickel, manganese
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recovery is lower. This reduced recovery can be attributed to the higher solubility of
manganese in the oxalate form when compared to cobalt and nickel [35].
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As previously discussed, the addition of an oxalic acid ratio has an impact on the
overall increase in metal recovery, including lithium and aluminum, which are not intended
to be separated in this process. Figure 7 illustrates a gradual increase in lithium precipitation,
starting from 12.25% at a ratio of 1:3 up to 37.60% at a ratio of 1:7.5. Similarly, aluminum
shows an upward trend in recovery, from 22.82% at a ratio of 1:3 to 40.72% at a ratio 1:7.5.
It should be emphasized that the increased recovery of these two metals is undesirable, as
it would diminish purity and leads in losses during subsequent purification processes.
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4. Discussion
4.1. Organic Acid Leaching

The leaching utilized agent can considerably affect leaching efficiency. The experiments
showed that citric acid has the best leaching efficiency for the used black mass (Figure 2).
Citric acid, being an eco-friendly organic acid, serves as an effective leaching agent because
of its relatively high acidity compared to the other used organic acids. As a result, three
moles of H+ ions are released per one mole of citric acid. This differs from DL-malic acid
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and succinic acid, which dissociate in two steps. Thus, it can be inferred that citric acid
generates a higher quantity of H+ ions in the solution compared to DL-malic acid and
succinic acid [29]. In addition, citric acid can form complexes with valuable metals due to
its three carboxylic acid groups, making it one of the best chelating agents [30]. This can
support the following precipitation of the valuable metals as metal oxalate.

Further investigations also showed that increasing the concentration of citric acid from
1 M to 2 M improved the leaching efficiency. This demonstrates that the concentration of
H+ ions has a significant influence on the leaching efficiency of valuable metals. The use of
citric acid as a leaching agent has a considerable advantage not only from a technical but
also from an economic and ecological point of view. As a primary chemical, it is one of the
most cost-effective organic acids produced by biomass fermentation [36].

Numerous researchers have looked into the potential of adding a reducing agent to a
leaching agent to improve the leaching performance. Compared to other reducing agents
such as ascorbic acid and glucose, hydrogen peroxide (H2O2) is a more affordable and
widely accessible chemical. The addition of H2O2 was intended to increase the efficiency
of leaching by reducing the oxidation state of valuable metal oxides such as cobalt and
manganese (Co3+ and Mn4+) to their more soluble form (Co2+ and Mn2+), while nickel
is also promoted as it is present in the same oxide compound [9]. In the conducted
experiments, it was observed that 4 vol% H2O2 exhibits a higher leaching value compared
to 1 vol% H2O2. The improvement in leaching efficiency with an increase in the amount of
H2O2 can be associated with the fact that the quantity of H2O2 available when using 1 vol%
H2O2 is insufficient for interaction with valuable metals, as it is prematurely consumed by
other metals [37] or decomposes [9]. An increase in the quantity of H2O2 allows more H2O2
to interact with the valuable metals before it is consumed by other metals or decomposed
by temperature, for example, resulting in increased leaching efficiency.

The leaching efficiency results of 99% with the best process parameters (2 M citric
acid and 4 vol% H2O2) show that citric acid can be used as an efficient leaching agent
in the extraction of valuable metals. These results can be compared with the results of
inorganic leaching agents such as sulfuric acid with the same leaching efficiencies [32].
Besides its good effectiveness, the leaching has a significant degree of selectivity. The results
demonstrate that the leaching efficiency of aluminum, which serves as a major impurity
for subsequent stages, is only at 33%. This is in strong contrast to inorganic acids such as
sulfuric acid, where the leaching processes normally exhibit a lack of selectivity (about
99.5% of aluminum leached) [32].

4.2. Oxalate Precipitation

In addition to the optimal process parameters for leaching, the optimization of the
precipitation process is of major importance to achieve a high recovery rate of the valuable
metals. Furthermore, economic considerations and the saving of resources should also be
taken into account [38]. For this reason, a stoichiometric precipitation factor was determined
to optimize the precipitation process. The scope of the study included a molar ratio of
M2+ (M = Co, Ni, Mn) to oxalic acid ranging from 1:3 to 1:7.5, as defined by the reaction in
Equation (5) [15,19].

M2+ − C6H6O7 (aq) + H2C2O4 (aq) → MC2O4 (s) + C6H8O7 (aq) (5)

The comprehensive results of the experiments carried out showed that the 1:7.5 ratio
gave the highest metal recovery (see Table 6). This outcome implies a direct relationship
between the amount of oxalic acid added to the leach solution and the subsequent increase
in metal recovery. The increase in the amount of oxalic acid results in a higher concentration
of oxalate ions available in the solution, which form more precipitates with the desired
metals. As the market values of cobalt and nickel are significantly higher than those of
manganese, choosing the 1:4.5 ratio, which requires less oxalic acid consumption compared
to the 1:6 and 1:7.5 ratios, is the more cost-effective option (see Table 6). While the amount
of manganese recovered is not as low as the 1:6 and 1:7.5 ratios, the 1:4.5 ratio yields the
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same percentage of cobalt and nickel recovery as the 1:6 and 1:7.5 ratios. Furthermore, not
only is it less expensive, but using the 1:4.5 ratio also decreases the amount of impurities in
the form of lithium and aluminum, increasing the purity of the precipitate.

Table 6. Metal recoveries at different molar ratios (M2+ to oxalic acid) during the co-precipitation process.

Molar Co Ni Mn Li Al

Ratio % % % % %

1:3 97.95 93.58 65.42 16.43 25.43
1:4.5 99.22 98.55 86.87 25.12 31.27
1:6 99.27 98.77 91.23 33.02 36.60

1:7.5 99.26 98.93 94.01 37.60 40.7

Increasing the molar ratio provides the system with an increased quantity of available
oxalate ions. As a result, in addition to the valuable metals, more lithium and impurities
such as aluminum react with the oxalate ions and form insoluble oxalate complexes, which
are also precipitated. This reduces the purity of the precipitation product, which affects its
quality for use as a precursor material for the production of battery-grade materials. To
accomplish the separation of present impurities and obtain a high-quality product, further
investigation is required. This may involve processes such as using formic acid to separate
lithium [39] or employing NaOH to separate aluminum [40].

A quantitative analysis of the metal ion composition in the precipitate using ICP-OES
(see Table 7) revealed that the proportions of nickel, manganese, and cobalt from the molar
ratio of 1:7.5 were closest to the actual NMC111 ratio, which is 1:1:1. However, there was a
slightly lower amount of manganese in the precipitate (Ni:Mn:Co = 1:0.86:0.97) due to the
higher solubility of manganese oxalate. When utilized as a precursor for the resynthesis
or regeneration of NMC111, this precipitate requires further processing, which involves
high-temperature heating (about 800–950 ◦C) [15].

Table 7. The final composition of the solid precipitate in the different molar ratios after the co-
precipitation process.

Molar Co Ni Mn Li Al

Ratio % % % % %

1:3 12.76 12.64 7.92 0.81 0.58
1:4.5 11.27 11.60 9.32 1.05 0.60
1:6 11.30 11.61 9.80 1.46 0.71

1:7.5 11.10 11.45 9.80 1.58 0.79
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