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HIGHLIGHTS

e A model to describe the acidic-reductive leaching of LiCoO, is presented.

e H,0, is selected as reducing agent to enhance the extraction yields.

e The model is based on the formation of a Co304 insoluble crust around the particle.

o The model predicts the switch of controlling mechanisms from kinetics to mass transfer.
o The model has been validated with a set of 12 experiments at different conditions.

ARTICLE INFO ABSTRACT

Handling Editor: Y Yeomin Yoon In this work, a model has been formulated to describe the complex process of LiCoO, leaching through the
participation of competing reactions in acid media including the effect of H,O, as reducing agent. The model
presented here describes the extraction of Li and Co in the presence and absence of HyO,, and it takes into
account the different phenomena affecting the controlling mechanisms. In this context, the model predicts the
swift from kinetic control to diffusion control. The model has been implemented and solved to simulate the
leaching process. To validate the model and to estimate the model parameters, a set of 12 (in triplicate)
extraction experiments were carried out varying the concentration of hydrochloric acid (within the range of
0.5-2.5 M) and hydrogen peroxide (range 0-0.6%v/v). The simulation results match fairly well with the
experimental data for a wide range of conditions. Furthermore, the model can be used to predict results with
different solid-liquid ratios as well as different acid and oxygen peroxide concentrations. This model could be
used to design or optimize a LiCoO; extraction process facilitating the corresponding economical balance of the
treatment.
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1. Introduction well as an increase of the environmental impact associated with the

manufacture of the batteries and their waste management.

Lithium-ion batteries (LIBs) play an important role in the ecological
transition towards a global decarbonized energy scheme. Until recently,
LIBs were only used in portable electronic devices, but their technical
features have made them attractive for electric transport and stationary
energy storage (Veldzquez-Martinez et al., 2019). It is estimated that the
global demand for batteries will increase 14 fold by 2030 (compared to
2018 market), and electric vehicles are projected to require the 90% of
that amount (Tsiropoulos et al., 2018). Such exponential growth of LIBs’
use comes together with an increase of the demand of raw materials as
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The European Commission identifies the list of Critical Raw Mate-
rials (CRMs) to promote circular economy and to reduce the dependency
on strategic raw materials (European Commission, 2008). This classifi-
cation is based on the current and future evaluation of both the supply
risk and the economic importance. As new information on the envi-
ronmental impact of materials and technological advances appears, it is
necessary to revise the CRMs list. The most recent list (2020) includes
some of the most common raw materials used in LIBs such as cobalt,
phosphorous, magnesium, natural graphite, and lithium (Amato et al.,
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2021). These materials are, therefore, bottlenecks for the Li-ion battery
EU supply (Valero et al., 2018). It should be note that approximately
74% of all battery materials are supplied by China, Africa, and Latin
America. With regard to the production, China ranks first in the world,
providing around 66% of finished LIBs while the EU currently produces
less than 1%. (European Commission, 2020). Hence, selective metal
recovery from LIBs’ residue should be promoted to reduce the criticality
of these materials and to follow a circular economy perspective.

For a sustainable development of the LIB technologies, it is essential
to develop effective and efficient recycling treatments. The current
recycling treatments combine the use of both physical and chemical
processes. Physical processes, such as dismantling, crushing, sieving and
thermal-mechano-chemical treatments, are used as a pre-treatment to
improve the efficiency (Lv et al., 2018). The chemical processes aim the
extraction, separation, and purification of the different valuable com-
ponents. Pyrometallurgical and hydrometallurgical methods are the
most commonly used. The latter are based on the recovery of metals via
acidic leaching and selective precipitation [8]. Hydrometallurgical
processes present relevant advantages, such as low energy consumption,
high metal recovery rate (including Li) and high product purity. Hy-
drometallurgical methods can be combined and enhanced with green
approaches, such as the use of deep eutectic solvents for the leaching or
electrodialysis treatment for the selective separation, to further develop
the technique and to be more environmentally friendly (Lv et al., 2018;
Roy et al., 2021; Zheng et al., 2018).

As mentioned before, the first step in the hydrometallurgical process
is leaching, which involves the dissolution of the solid particles or the
extraction of the metals from them using a suitable solvent. The leaching
step requires the addition of reactants such as strong acids and reducing
agents to dissolve the solid particles and extract the valuable metals
(Esmaeili et al., 2020). Obviously, the recycling process will only be
feasible if the environmental impact and the cost related to the required
reactants is low.

To optimize the hydrometallurgical process, the different reactions
and mechanisms taking place during the leaching step should be deeply
understood. Different models have been proposed to describe the
dissolution-extraction reactions through solid-liquid interactions.
Among them, two of the most widely used are the shrinking core model
(SCM) and the shrinking particle model (SPM) (Chabhadiya et al., 2021;
Ghassa et al., 2020; Jiang et al., 2018; Levenspiel, 1999; Porvali et al.,
2020; Villen-Guzman et al., 2020; Zhang et al., 2015). Although these
models have been widely applied to study liquid-solid systems as
leaching kinetics in hydrometallurgical processes it should be noted that
some assumptions within their formulation could not be valid in the
dissolution-extraction of LiCoO, particles. For example, SCM models
were developed to describe gas-solid systems assuming there must be a
sharp interface between the reactant and the product layer. This con-
dition has been overlooked in SCM models applied to leaching processes
since microscopic examination should be required to determine whether
there is a diffuse reaction zone or a definite product-reactant interface
(Liddell, 2005). Furthermore, although numerous studies are focused on
the determination of the rate-limiting step (diffusion film, chemical re-
action control step or residue layer diffusion control step) and their
respective activation energy, there is a lack of studies that deals with the
evaluation of the leaching kinetics of metals (Gao et al., 2018). There-
fore, the description of models based on the leaching reaction, consid-
ering the different parameters involved in the leaching (such as acid
concentration, S/L ratio and reductant concentration) could provide a
better understanding of the reaction mechanisms during the process.

The evaluation of solid-liquid reaction kinetics has been carried out
through modified-models based on the SCM and SPM. Setiawan et al.
(2019) modified the SCM to include an equilibrium reaction to describe
the kinetics of lithium and cobalt recovery from spent LIBs using acetic
acid. Raschman et al. (2019) developed an extended SPM which takes
into account the influence of the S/L ratio, the non-ideal behaviour of
concentrates aqueous solution and the chemical reaction order. Gao
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Table 1

Experiments and concentration of aqueous solutions.
Hy02 | HCI —»

0.5 M 1.5M 25M

0% (v/v) (0 mM) El E2 E3
0.2% (v/v) (86 mM) E4 E5 E6
0.4% (v/v) (173 mM) E7 E8 E9
0.6% (v/v) (260 mM) E10 El1 E12

et al. (2018) studied the role of the reducing agent in the leaching ki-
netics of LIBs cathode scrap using acetic acid. In their work, the kinetic
analysis was carried out using the standard SCM to determine the
rate-controlling step in the absence and presence of HyO, during the
leaching process. Their results indicated that the use of reducing agent
can alter the rate-controlling step from residue layer diffusion to
chemical control.

In a previous work (Cerrillo-Gonzalez et al., 2020a), the authors
developed a mathematical model to describe the mechanisms of LiCoO,
leaching in acid media, studying the controlling mechanisms (kinetics or
diffusion) as a function of the thickness of the outer Co304 crust, based
on the following two reactions deduced from experimental observations:

1 1 1
LiCoO;(s) 4+ 2H'—>Li* + ECO2+ + 6C03O4(S) +H.0+ 20, (€))

1
Co3;04 + 6H™=3Co*" +3H,0 + 502 @)

The extraction of Li and Co from LiCoO, particles in an acid media
involves the reduction of Co>" to soluble Co*". In the absence of a
stronger reducing agent, water oxidation half-reaction completes the
redox pair. In this case, Li and Co are extracted from the particle leaving
a residue of Co304(s) (Cerrillo-Gonzalez et al., 2020b). From experi-
mental results, it can be concluded that the acid dissolution of the
Co304(s) is significantly slower than the dissolution of LiCoO,(s). As a
consequence, the Co304(s) remains as a crust around the unreacted core
of LiCoO(s). This crust can limit the diffusion of the reactants from the
aqueous solution to the surface of the unreacted core and apparently
stop the reaction.

The presence of a strong reducing agent enhances the leaching pro-
cess facilitating the reduction of Co®* to soluble Co**. Despite hydrogen
peroxide is widely known as an oxidizing agent, its use as a reducing
agent here is justified due to the high reduction potential of Co®*, and
the fact that it does not introduce additional ions to the system.
Accordingly, in this work, the previous model has been extended to
assume that, in the presence of H, O3, the following reactions take place,
simultaneously with the reactions (1) and (2):

1 1
LiCoO, +3H" + 5HZozzLi* + Co*" +2H,0 + 502 3)

Co;0, + 6H" 4+ H,0,23Co*" + 4H,0 + O, (&)

In this work, the effect of the presence and absence of H,O, on the
leaching reaction kinetics of LiCoO, particle has been studied through
the implementation of a physicochemical model. With the aim of vali-
dating the model, a set of extraction experiments were carried out
varying the concentration of hydrochloric acid (within the range of
0.5-2.5 M) and hydrogen peroxide (range 0-0.6%v/v).

2. Materials and methods
2.1. Extraction experiments
Extraction experiments were carried out to evaluate the influence of

the extracting and reducing agent concentration in the dissolution ki-
netics of LiCoO, (97% Alfa Aesar). The HCI and H,O, were selected to
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Table 2

Parameters used in simulation results.
Parameter Value Units Description
ki 217 x 1078 (ms1) Kinetic constant, equation (1)
k2 8.33x 107° Kinetic constant, equation (2)

(m2mol’2/ss’1)

ks 6.67 x 10711 <m5m0174/’3s—1) Kinetic constant, equation (3)
k4 1.67 x 10712 (msmol 8/35—1) Kinetic constant, equation (4)
kp —3.2x 107 (m™1) Diffusion factor, equation (17)

act as extractant and reducing agent respectively, and the aqueous so-
lutions used in each experiment are detailed in Table 1. The chosen
values allow the study of excess, defect and approximately stoichio-
metric concentrations of HCl and Hy0, with respect to the initial
amount of solid. Each experiment was carried out in triplicate.

The leaching process was performed in 100 mL Erlenmeyer flasks,
where 2.5 g of solid and 50 mL of solution were added (i.e., a S/L of 50 g/
L). This experimental setup allows the free release of the oxygen pro-
duced in the reaction, avoiding overpressure inside the reactor. The
suspensions were shaken with a magnetic stirring at 25 °C and atmo-
spheric pressure which allows for perfect mixing hydraulic model.

Samples of 20 pL were collected at different times and diluted with
20 mL of 0.1 M HNOs. The diluted samples were filtered using 0.6 pm
glass-fiber and analysed via Atomic Absorption Spectrophotometry
(Varian SpectrAA 1101) to quantify the amount of cobalt and lithium
dissolved. The percentage of metal extracted was calculated according
to:

CiiV,
x=—"

my,;

)

where x (wt%) is the percentage of metal extracted, C; ; (mg L‘l) is the
dissolved metal concentration, V, (L) is the solution volume and
my, i(mg) is the initial amount of metal in the solid sample. The total
content of metal in the samples was in accordance with the stoichiom-
etry of LiCoO,, validated through microwave acid-assisted digestion
(EPA method 3051A).

As pH meters were unsuitable due to the very low pH values, the
concentration of hydroniums in the initial and final solution were
determined by acid-base titration (Phenolphthalein, NaOH 1 M).

2.2. Physicochemical model
The model presented here is based on the following assumptions:

1. The extraction-dissolution of LiCoO, particles in an aqueous solution
containing HCI and H,0-, takes place following the equations (1)-
4.

2. LiCoO, particles used are assumed to be spherical with a radius of
R, =5 pm and uniform particle distribution, which is consistent with
typical synthesis methods for LCO batteries (Nakamura and
Kajiyama, 1999a, 1999b). The unreacted core radius, r.(m), de-
creases during the reaction while R, and the number of particles (n,)
remain constant. This means that the Co3O4 crust is porous, and that
the porosity increases as the crust gets dissolved. The thickness of the
crust is used to determine the resistance to the diffusion of species
from the reactive core surface to the bulk solution (explained later in
assumption 7). Therefore, this assumption is consistent with the
observation of switch from chemical kinetics to diffusion transport
controlling mechanism. In the case that the crust can be considered
completely dissolved, R, =r.

3. The kinetic rates for the reactions are given by:

Anr? .
n=—k <n” rf) T )

2
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r2 = k2 (Cenro,) (G1) @
4. 2

= k(") (G O’ ®

ry = —ky (CC()3O4)( ;016)2/3(6‘“202)2 9)

where k; (j = 1 to 4) are the kinetic constants (units in Table 2), V,
(m?) is the reaction volume, and C; stands for molar concentration
(mol m~3). C{® is the concentration of protons in the position r.. The
reaction orders presented in the equations correspond to fitting pa-
rameters, as explained in the Results Section.

. The production rates of Li", Co?", H* and H,0,, are given by:

rs=r+r; (10)
1
oot :irl +3r, +r; +3ny an
rgr = —2r; — 6r, — 3r; — 61y (12)
1
"H,0, = —573 — T4 13)

. Water self-ionization reaction is included in the model, and it is

supposed to be in equilibrium:

H,02H" + OH~ ; K, = 1073 (for concentrations in mM) a4

. The Davies equation for the activity factors is used:

1
log 7, = 7Azf<1 f\/170.3~1> a5)

where y; (—) is the activity factor, z; (=) is the ionic charge of the
species i, I (M) is the ionic strength, and A = 0.5085 (M~/2). The
Davies equation is known to predict the activity coefficient of
moderately high concentration solutions, up to ionic strengths of 0.5
M. Therefore, any correction due to higher ionic strengths is assumed
to be equivalent to that ionic strength limit. This means that the
model includes uncertainties, especially for the case of 1.5 and 2.5 M
of HCl, but it was assumed a better approximation than using no
activity factor model. Accordingly, in the simulations presented here,
the activity factor was y; ~ 0.75 for monovalent ions, such as Li* or
HY, and y; ~ 0.3 for divalent ions, such as Co?*.

. As the outer porous crust of Co3z04(s) forms, the size of particle re-

mains constant. Diffusion of the common reactant, H', through the
layer of Co304(s) from the bulk solution to the surface of the
unreacted core is described as:
dCHA Dett (Cbqulk — (Ccore
_Pu My

_ _Dbit(ci - Gi)
— ® 1) n, (47R,r.) (16)

where CP% is the concentration of protons in the bulk liquid, and
DT (m2 s1) is the effective diffusion coefficient of the proton
through the layer of Co304. The effective diffusion coefficient is
considered to change as the crust increases and decrease as the crust
dissolves, according to the following expression:

Dl =Dy eexp(kp(R, —r.) (1 —¢)) a7)

where Dy: = 9.311 x 107° (m?s71) is the diffusion coefficient at
infinite dilution (Vanysek, 2013), e (=) is the porosity, and kp (m™)
is a parameter that measures the increase of the resistance to the
mass transport as the crust increases, as a consequence of changes in
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Fig. 1. Effect of H,O, concentration on the extraction of cobalt at different HCI concentration: 0.5 M HCI (a), 1.5 M HCl (b) and 2.5 M HCI (c). (Conditions: solid/

liquid ratio = 50 g/L; temperature = 25 °C).
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Fig. 2. Effect of H,O; concentration on the extraction of lithium at different HCI concentration: 0.5 M HCI (a), 1.5 M HCI (b) and 2.5 M HCI (c). (Conditions: solid/

liquid ratio = 50 g/L; temperature = 25 °C).

porosity or tortuosity, including pore closing due to counter diffusion
of the O, gas formed in the reaction.

As the reaction proceeds and the outer Co304(s) crust increases, the
resistance to the diffusion transport increases according to eq. (17). At
certain thickness of the crust, the process reaches a point in which the
rate of proton diffusion is lower than the chemical kinetic consumption.
At this point, as soon as protons reach the reactive surface they get
consumed by the reaction.

8. The second Damkohler number, Day (—), defined in eq. (18) as the
ratio of the chemical reaction rate to the mass transfer rate, is used to
identify the controlling mechanisms.

kinetics rate

Day =——— 18
an diffussion rate as)
The diffusion rate is:
Defi Cbu,]k _ Ceore
Tl diffusion — —H(Hiwnp@ﬂ]erc) (19)
(Rp — T é‘)
where, if Day < 1 then C¥° = CP*, and the process rate is defined by

the chemical kinetics law. However, whenever Da;; > 1 then cpre =0,
and the process rate is controlled by the diffusion. The reaction r3, in
equation (8), is treated similarly.

3. Results and discussion

For the discussion of the results, we will refer to “short time” to the
first 90 min and “long time” to the final experiment time, 9 days. As this
research is oriented to facilitate the industrial application of the tech-
nique, results in short times are more relevant and, therefore, the ex-
periments will be discussed according to the extractions yields obtained
at that point.

3.1. Experimental results

The experimental results are shown in Fig. 1 and Fig. 2 where the
transient values of percentage for cobalt (Co) and lithium (Li) are pre-
sented, respectively.

Experimental results are in accordance with the model assumptions:

1. The extraction of Li and Co do not take place in a 1:1 proportion. Li is
extracted in a higher amount than Co, and in a stoichiometric pro-
portion near 2:1 in the absence of HyO2. It can be observed that, in
the absence of H,O,, the total extraction of Li and Co in a short time
is limited to approximately 50-60% and 25-30% respectively. This
observation is consistent with the proposed equation (1).

. The extraction shows a clear change of mechanism, not related to the
depletion of reactants. It is observed that there is a change in the
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Fig. 3. Experimental (marks) and simulation (lines) results for E1-E2. In the case of Li and Co, the reference is the concentration in case of total extraction. In the case
of HCI and H, 05, the reference is the initial concentration in the aqueous extracting solution.

tendency of the extraction rate, associated with the change of control
mechanisms, from kinetic to diffusion control. As mentioned before,
this is related to the formation of Co304 crust. Therefore, this
observation is consistent with the formation of a diffusion limiting
crust, as modelled in equation (2) and the equations 16-19.

. Despite the extraction rate gets controlled by the diffusion of re-

actants through the outer crust, it is possible to achieve high ex-
tractions of both Li and Co in long time experiments. This indicates
the effect of the reaction (2), that will promote the process to
continue by slowly dissolving the outer crust of Co304. However, as

mentioned before, for a reasonable up-scaling of the process to in-
dustrial scale, short time yields are more relevant.

. The use of H,0,, increases both the proportion of extracted Li and Co

to values near 1:1 and accelerates the extraction. This observation is
consistent with the proposed equations (3) and (4).

In general, it can be observed that the extraction yields and rate

increase with the concentration of acid and H;0;, except for the ex-
periments using 0.5 M of HCl which were carried out using acid below
the stoichiometric concentration.

Increasing H2O, not only accelerates the extraction process, but it
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also seems to reduce the effect of the formation of the Co304 outer crust,
and therefore the effect of diffusive controlled kinetics is lower than
experiments without the reducing agent. As expected, the higher
extraction in the short time limit of 90 min occurs using HCl 2.5 M and
0.6%v/v Hy0,, reaching to extraction of ~ 85% of Li and ~ 75% of Co.

3.2. Simulation results

Table 2 lists the parameters used in the simulations presented in this
section. The Chemical Reaction Engineering module form the software
COMSOL Multiphysics was used to obtain numerically integrate the
kinetic equations and carry out the parameters’ estimation study. The
parameters listed in Table 2 resulted in the best fit of the model simu-
lation and the experimental results.

Fig. 3 shows both experimental and simulation results for the 12
experiments carried out. The figure shows percentage of extracted Li and
Co referred to the maximum extractable in the solid, and percentage of
protons and hydrogen peroxide with respect to that initially in the so-
lution in each case. The results for experiments E1 to E12 are shown
separately, for a better appreciation of the fitting better experimental
and simulation results in each case. Parameters in Table 2 were used to
obtain the simulated results.

The simulation results presented in Fig. 3 match fairly well with the
experimental data for the different combinations of HCl and HzO
concentrations, using the same model parameters for all simulations. It
can be observed that the fitting between the simulation and the exper-
imental results is less precise at longer times and higher concentrations,
which is consistent with the hypothesis of the model. On one hand, the
formation of Oy bubbles may affect the transport rates, and high con-
centrations may produce unprecise quantification of the activity factors.
As short time results are considered more relevant for this research, the
model parameters have been adjusted for a better fitting of the short
time experimental results.

Comparing the experiments using 0.5 M HCl with H,0,, Li and Co
are obtained in a proportion near 1:1, while the proportion was
approximately 1:2 in the case without HyO2. Nevertheless, the use of
H,0, derived in lower total amount of Li extracted. All experiments in
this case are not limited by the formation of the Co3O4 crust, but for the
depletion of protons in the media, as can be seen in the simulation re-
sults for the protons profile. The lower extraction of Li using HyO2 is
therefore explained by the fact that reaction (3) consumes more protons
than reaction (1). In these cases, H,O» seems to be in excess and it can be
concluded that it is crucial to assure a proper proportion of both acid and
H,0, in order to achieve high extraction yields.

In the case of the experiments carried out using HCl 1.5 M and 2.5 M,
the acid is in a concentration above the minimum stoichiometric,
including the cases with Hy0,. It can be observed that, in general, the
higher the concentration of HCl and H,0O», the closer to a 1:1 proportion
of Li and Co is obtained and the higher extraction is attained in shorter
times.

It can also be observed that the addition of H,O, promotes and ac-
celerates the reaction rate, which agree with the results obtained by Gao
et al. (2018). They evaluated the role of H,O in the leaching process
and concluded that the introduction of a reducing agent accelerates the
leaching rate but decreases the influence of the acid concentration. This
observation is according to the results obtained in the parametric fitting:
in the absence of H, O, the partial order for HCl is 1 while in the presence
of H,05 is 1/3 (equation (6) and (8)).

4. Conclusions

The simulation results presented here match fairly well with the
experimental data for a wide range of different combinations of HCI and
H,0, concentrations. This good fitting suggests that it is possible to use
the model for predicting the experimental results for any combination of
HCl and H,0; concentrations within the range of 0-2.5 M of HCI and
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0-0.6% of Hy0,. Furthermore, the results indicate that the presented
model could be used to predict results with different solid-liquid pro-
portions as well as different acid and hydrogen peroxide concentrations.
Accordingly, the model presented here could be used to design LIBs
recycling processes optimizing the amount of reactants for the extrac-
tions. This aspect is particularly crucial to assure the economical balance
of the recycling treatments.

Furthermore, the study presented here can be expanded to study the
dissolution of different LIBs materials (such as NMC cathode material),
using different extractant agents (such as nitric or sulfuric acid) and
different reducing agents (such as cementation precipitation with, e.g.,
solid Fe). The authors will address these options in future works.
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