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Abstract: The dissolution of LiCoO2 (LCO) from spent lithium-ion batteries (LIBs) has been widely
studied with organic and inorganic acids. Among these acids, HCl is the one that showed the
best results when used at concentrations higher than 4 M. However, its higher cost compared with
other acids is disadvantageous. Taking this into account, this work aims to perform a comparative
study of the effect of different operational variables such as temperature, reaction time, leaching
agent concentration (HCl) and reducing agent concentration (H2O2) on the dissolution efficiency
of LCO for the systems HCl and HCl-H2O2 to determine the optimal parameters to achieve a
maximum dissolution in minimum time at low temperatures and reagent concentrations. Increasing
temperature, time and concentration of the reagents had a positive effect on the dissolution of LCO.
When working with HCl 1.8 M, the highest dissolution for LCO, 91.0% was obtained at 348 K for
60 min. Furthermore, a slightly higher oxide dissolution (93.0%) was obtained in a reducing medium
at the same temperature in half the time and with a concentration of HCl more than ten times
lower. This will allow us to propose an alternative process to the existing ones with economic and
ecological advantages.

Keywords: LCO; LiCoO2; HCl; LIBs; reducing agent

1. Introduction

In the last years, the rapid growth of the portable device industry, as well as the
development of electrical vehicles, has boosted the demand for lithium for lithium-ion
batteries (LIB). These are widely used due to their various advantages such as high energy
density, high cell voltage, low storage life, low self-discharge rate and wide temperature
range of use. However, their short lifespan and frequent replacement due to the emergence
of new technologies have led to the generation of enormous amounts of waste; therefore,
spent lithium-ion batteries (LIBs) constitute at the same time a risk to the environment and
an opportunity for recycling and recovery of valuable metals [1–3].

Inappropriate disposal of LIBs, such as discard in landfills or incineration, may result
in the release of heavy metals which accumulate in the environment, polluting soil, air and
water streams. Considering the toxicity of the different components and the large volume
of waste generated by the high demand and the short lifespan of these batteries, the final
disposition of these residues becomes a matter of the utmost importance [4].

Battery recycling is encouraged not only for environmental reasons but also out
of concern for the scarcity of raw materials. WEEE (waste of electrical and electronic
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equipment) constitutes about 8% of municipal waste and is considered to be one of the
fastest-growing waste fractions worldwide [5], posing health risks associated with its
hazardous components.

Recycling rates for lithium are less than 1% but are expected to rise significantly to
mitigate a part of its future demand [6]. Given that there is no foreseeable substitute for
most applications, it is essential to develop methods to recover the lithium present in
batteries to ensure long-term supply.

The recovery of valuable metals is typically classified in pyrometallurgical and hy-
drometallurgical processes. Pyrometallurgy is widely employed in the industry due to its
high efficiency. For example, it does not require pretreatment of LIBs since they are directly
loaded into the furnace. However, it has significant disadvantages such as loss of materials,
release of hazardous gases and high energy consumption.

Alternatively, hydrometallurgy might be used to recover metals from LIBs. These
treatments are flexible, environmentally friendly, consume less energy and have acceptable
rates of reaction. However, these technologies require pretreatments (crushing) in order
to adjust the size of the LIBs and separation steps to isolate all the particular components.
Afterward, metals can be recovered by leaching, precipitation, solvent extraction and ion
exchange resins.

Different reagents were researched for the acid leaching of LiCoO2 (LCO) such as
H2SO3, NH2OH.HCl, HCl, H2SO4, HNO3 and HF [7–9]. The best results were obtained
when working with HCl, probably due to the ability of chloride ions to destabilize the
formation of a surface layer [10]. We have found that working with HCl at concentrations
higher than 4 M results in oxide dissolutions of 92%. Reported leaching efficiencies when
working at such concentration are as high as 99% both for Li and Co [9]. Nevertheless, this
represents a large consumption of hydrochloric acid, which is more expensive than other
acids.

To improve acid leaching performance, many researchers have investigated the process
of LiCoO2 reductive dissolution with numerous inorganic acids and H2O2 as the reducing
agent. The tested acids were H2SO4 [11–14], HNO3 [15,16], H3PO4 [17,18] and HF [19]. The
use of a reducing agent resulted in an increase in the dissolution of LiCoO2, probably due
to the weakening of the Co-O bond through the reduction of cobalt.

In a comprehensive literature review, research on the dissolution of LiCoO2 obtained
from cathodes of LIBs using hydrochloric acid as a leaching agent and H2O2 as a reduc-
ing one is scarce. Mylarappa et al., claim to study operational parameters that affect
the process, but show no results to support the obtained conclusions and rather focus
on the characterization of the products [20]. Freitas and García used a mixture of HCl
3 M-H2O2 30% v/v in a previous sample preparation step in order to obtain a suitable
solution for the electrochemical recycling of cobalt [21]. Recently, Cerrillo-González et al.,
studied the dissolution kinetics of LCO with HCl enhanced by a reducing agent (H2O2
in concentrations < 0.6% v/v), simulating physicochemical models to propose different
controls for said reaction [22].

Among all the leaching agents, HCl is the one that shows the best results and, in order
to achieve similar dissolutions, the other acids (inorganic or organic) need a reducing agent.
In view of the above, the purpose of this work is to improve the reductive dissolution of
LCO from LIBs using hydrochloric acid and hydrogen peroxide as leaching and reducing
agents, respectively, and to study the effect of the operational variables on the dissolution
reaction to obtain the necessary knowledge to propose a process with economic and
environmental advantages.
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2. Experimental Procedures
2.1. Materials

The reagents used were hydrochloric acid (Sigma-Aldrich, Argentina, ACS reagent,
37%) and hydrogen peroxide (Biopack, Argentina, ACS, 30% w/v), both of them of analyti-
cal grade. The samples were obtained from LIBs of mobile phones of different brands and
models.

2.2. Equipment

The dissolution tests were performed in a closed batch reactor (made in Mendoza
Argentina) of 500 mL built in PVC equipped with magnetic stirring and temperature control
systems.

The reactants and products were characterized by X-ray diffraction (XRD) carried out
in a diffractometer Rigaku D-Max III C (Rigaku, Osaka, Japan). Morphological analysis
was performed by SEM in a microscope LEO 1450 VP (Zeiss, Jena, Germany).

2.3. Experimental Procedure
2.3.1. Preparation and Characterization of the Sample

The sample was prepared using LIBs of 500 units of mobile phones of different
brands and models that were discharged in a saturated solution of NaCl (for 48 h at room
temperature) and subsequently disassembled. The components of the LIBs were then
separated, isolating the cathodes that were subsequently calcined at 673 K to remove
residual adhesives [23]. Then, the sample at room temperature was homogenized for
30 min and divided into three time intervals of 10 min each using a bar mill at 30 rpm. The
remaining parts of the batteries were stored for future studies.

Determination of cobalt and lithium content in the LIBs was performed by X-ray
fluorescence spectroscopy (XRF) with a Shimadzu EDX 7000 (Shimadzu, Kyoto, Japan) and
atomic absorption spectroscopy (AAS) using a Varian SpectrAA 55 spectrometer (Palo Alto,
CA, USA) with a hollow cathode lamp (analytical error 1.5%), respectively. The quantitative
composition of the sample was 7.1% Li and 54.9% Co, expressed in mass percentage.

In Figure 1, the results of the characterization of the sample by XRD (Figure 1a) and
SEM (Figure 1b) are shown. In the diffractogram, the presence of a crystalline structure of
lithium cobalt oxide (JCPDS 01-075-0532) is observed and no other crystalline compounds
are found. Figure 1b shows the morphology of the sample particles, which are irregular in
size and shape and have rounded edges.
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In Table 1 the chemical composition of the particles marked in Figure 1b is presented.
The chemical composition obtained for the particles (letters A, B, C) in Table 1 indicates
that this particle is composed mainly of cobalt.

Table 1. Chemical composition of different particles of the sample in optimal reacting conditions
(Figure 1b), in atomic %.

Particle O (%) Co (%) Ni (%) Mn (%)

A 29.41 70.42 - 0.17

B 14.90 84.47 0.63 -

C 23.87 76.13 - -

2.3.2. Procedure for the Dissolution Tests

To perform each test, calculated amounts of sample and distilled water were placed
into the reactor. This mixture was heated with stirring until the working temperature was
reached. Then, calculated volumes of HCl and H2O2 were added and, at that moment,
reaction time began to be measured. Before characterization by XRD and SEM, the residues
from the leaching were washed with distilled water and dried in an oven at 348 K for 2 h.
Then, the residue was weighed to carry out the extraction calculations and later some of
these residues were separated for their characterization.

The dissolution efficiency was calculated using the expression [8,24]:

X% = [(m0 −mf)/m0] × 100 (1)

where X% is the percent dissolution efficiency, m0 is the initial mass of the solid reactant
and mf is the mass that remains unreacted after the reaction.

In this research, a univariate analysis of each of the experimental leaching conditions
was performed. Studied variables and intervals were as follows: concentration of HCl, 0.12,
0.24, 0.60, 1.20 and 1.80 M; concentration of H2O2, 2, 5 and 8% v/v; temperature, 298, 323
and 348 K; reaction time, 30, 60 and 120 min. Based on preliminary assays, the stirring
speed was kept constant at 330 rpm and the solid–liquid ratio at 5 g/L.

3. Results and Discussion
3.1. Proposed Reactions

Hydrochloric acid is a monoprotic strong acid, therefore its complete dissociation in
an aqueous solution is expected. At the same time, H2O2 is extensively used as a reducing
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agent in the recycling of spent LIBs due to its ability to reduce Co(III) to Co(II) [25]. Based
on the above, the following reactions are proposed for the leaching of LIBs with HCl (2) or
HCl/H2O2 (3) and (4). It is worth noting that (3) and (4) employ the same reactants but the
latter uses higher concentrations.

2 LiCoO2(s) + 8 HCl(aq) → 2 CoCl2(aq) + Cl2(g) + 2 LiCl(aq) + 4 H2O
∆G◦298.15 = −283.189 kJ

(2)

2 LiCoO2 + H2O2 + 6 HCl→ 2 CoCl2 + 2 LiCl + 4 H2O + O2
∆G◦298.15 = −403.656 kJ

(3)

2 LiCoO2(s) + 2 H2O2(aq) + 8 HCl(aq) → 2 CoCl2(aq) + Cl2(g) + 2 LiCl(aq) + O2(g) + 6 H2O
∆G◦298.15 = −489.567 kJ

(4)

According to these Gibbs energy values, reactions that use H2O2 as a reducing agent
would be more thermodynamically favorable than those without it. Furthermore, as we
can see in Equations (3) and (4), an increase in the concentration of H2O2 and HCl favors
the spontaneity of the leaching reaction.

3.2. Dissolution Assays
3.2.1. Effect of Leaching Agent Concentration

The effect of HCl on the reaction dissolution was studied under the following condi-
tions: temperature, 348 K; time, 60 min; stirring speed, 330 rpm; solid–liquid ratio, 5 g/L.
HCl concentration ranged between 0.12 and 1.8 M with and without H2O2 5% v/v. The
results are shown in Figure 2.
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Figure 2. Effect of HCl concentration, with and without H2O2, on the sample dissolution.

Without H2O2, there is a noticeable increase in the dissolution efficiency as HCl
concentration increases with a slight augment between 0.6 M and 1.2 M. However, even for
low concentrations of HCl, i.e., 0.12 M and 0.24 M, the dissolutions are over 50%, therefore
it is worth trying to improve them with the aid of a reducing agent, maintaining a low
expenditure of HCl. Meanwhile, at the same concentrations of HCl, but in the presence of
H2O2, the dissolutions of the sample increase considerably, obtaining dissolutions greater
than 90%. At HCl concentrations greater than 1.2 M and in the presence of H2O2 the
dissolution of LCO remains almost constant.
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3.2.2. Effect of Temperature

The effect of temperature on the reaction dissolution was studied under the following
conditions: time, 60 min; stirring speed, 330 rpm; solid–liquid ratio, 5 g/L. Two systems
were tested: (a) HCl 1.8 M and (b) the mixture HCl 0.24 M-H2O2 5% v/v, in the temperature
range 298–348 K. The results are presented in Figure 3.
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In both systems, an increase in the reaction temperature results in increases in the
dissolution of LCO, which agrees with what is expected for a solid–liquid dissolution in
which higher temperatures enhance the reactivity of the solids and the solubility of the
formed products. Higher dissolutions were achieved for both systems at 348 K, which is
why this was selected for further experiments.

3.2.3. Effect of Reaction Time

The effect of time on the reaction dissolution was studied under the following condi-
tions: temperature, 348 K; stirring speed, 330 rpm; solid–liquid ratio, 5 g/L. Two systems
were tested: (a) HCl 1.8 M and (b) the mixture HCl 0.24 M-H2O2 5% v/v, in the time range
30–120 min. The results are presented in Figure 4.

The results show that time had a clear positive effect on the dissolution efficiency
for the HCl system, while it had a slightly positive effect on the HCl-H2O2 system. Since
significant dissolutions were obtained even when working for 30 min, and with the aim
of optimizing the process, this was selected for further studies of the best operational
conditions.
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3.2.4. Effect of Reducing Agent Concentration

The effect of the concentration of the reducing agent on the dissolution of LiCoO2
was studied under the following conditions: temperature, 348 K; time, 30 min; stirring
speed, 330 rpm; solid–liquid ratio, 5 g/L. As mentioned before, lower amounts of HCl were
employed: 0.12 and 0.24 M. At the same time, the concentration of H2O2 was set at four
levels: 0, 2, 5 and 8% v/v. The dissolutions for these combinations are presented in Figure 5.
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Figure 5. Effect of H2O2 concentration on the sample dissolution.

The results show an abrupt increase in the sample dissolution when the reducing
agent is added to the mixture and a slight increase in the same when its concentration
is increased in the range 2–8% v/v [26,27]. This could be attributed to the fact that H2O2
reduces Co in LiCoO2 from Co3+ to Co2+, destabilizing the crystalline lattice and promoting
its breakage and the release of its ions. It is worth noting that for concentrations of H2O2
of 5% v/v, dissolution efficiencies are higher than 90%, even with the low amounts of HCl
employed.
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3.3. Characterization of the Residues

The characterization of the residues by XRD and SEM of the samples leached with
HCl-H2O2 are presented in Figure 6a,b, respectively.
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Figure 6. (a) Diffractogram and (b) SEM micrograph of the sample leached with HCl-H2O2.

In the diffractogram of Figure 6a it is observed that the residue corresponds to LiCoO2,
whose diffraction lines coincide with those of the unreacted oxide (JCPDS 01-075-0532). In
the micrograph of Figure 6b, it can be seen that the particles show a high degree of attack.

4. Conclusions

From the experimental results of the acid leaching of LCO in a closed vessel, it is
possible to conclude:

• Increased temperature, reaction time and concentrations of leaching and reducing
agents favor the LCO dissolution reaction.

• The optimum value of sample dissolution, 93.0%, was obtained working under the
following conditions: HCl concentration, 0.12 M; H2O2 concentration, 5% v/v; time,
30 min; temperature, 348 K; stirring speed, 330 rpm; solid–liquid ratio, 5 g/L.

• The use of a reducing agent has a double effect: on the one hand, it reduces reaction
time and on the other hand it contributes to significantly decreasing the leaching agent
consumption, achieving dissolutions similar to those reported in the literature. This
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will allow us to propose an alternative process to the existing ones with economic and
ecological advantages.
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