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In this article, we analyze the leaching kinetics with phosphoric acid of LiCoO2 samples from

spent  Li-ion batteries and commercial LiCoO2. The purpose was to study the mechanism

by  which the extraction reaction of cobalt and lithium is produced from the solid samples.

The  experimental results showed that raising the temperature and the reaction time con-

tributed to improving both the extraction of Li and Co from the structure. The leaching

rate  of the metals from both samples in the phosphoric acid solution could be expressed

as:  ln (1 − X) = −b1

[
ln (1 + b2t) − b2t

1+b2t

]
. The morphology of the solid revealed that the dis-

solution reaction of the samples develops from preferential growth of active sites, points

susceptible to chemical interaction, occurring in one direction, giving rise to the start and

progress of the reaction. The generation of these sites in the LCO-H3PO4 reaction system

is  of the s̈equentialẗype. The apparent activation energy values for the leaching of Co and

Li  would indicate that the surface chemical reaction is the rate-controlling step during this
dissolution process.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the

CC  BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
.  Introduction
n hydrometallurgical processes, used for the extraction and
ecovery of metals, it is essential to study the reaction kinetics,
ince it allows us to identify the reaction mechanism and to
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ttps://doi.org/10.1016/j.jmrt.2020.09.109
238-7854/© 2020 The Author(s). Published by Elsevier B.V. This is a
reativecommons.org/licenses/by-nc-nd/4.0/).
design more  efficient equipment and processes. In addition,
hydrometallurgical processes operate at lower temperatures
than those used, for example, in pyrometallurgical processes,
which generally leads to lower reaction rates and the limita-
tions found are mainly kinetic [1,2].

In recent decades, electronic devices have become a fun-

damental part of daily life. The accelerated technological
development, along with their short lifespan, bring about
an increase in the replacement of these devices and the
accumulation of disused ones. According to Shaikh et al. [3]
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Table 1 – Summary of published works on the leaching kinetics of cathodic materials.

*Ref. Sample Leached agent Reductor agent Reaction control Activation
energy (kJmol−1)

[7] LCO
HCl

------------ Surface chemical reactions Li: 23.83
Co: 27.72

[8] LCO ----------- ----------- Stages I and II:
Co: 40 and 20
Li: 17 and 9

[9] LCO
LMO
NMC

H3PO4 H2O2
Chemical reaction and
internal diffusion

Li:  37.74
Li: 21.16
Li: 21.86

[10] LCO ----------- Li: 10.16
Co: 7.30

[11] Cathode and
anode scraps
LCO H2SO4

H2O2
Surface chemical reaction Mn: 30.1

Ni: 36.7
Co: 41.4
Li: 37.4

[12] LCO Co chemical reaction and Li
internal diffusion

Li:  32.4
Co: 59.8

[13] LCO
NMC

NaHSO3 Diffusion Li: 20.4
Co: 26.8
Ni: 21.7

[14] LCO
NMC

---------- Diffusion Li: 16.4
Co: 7.4
Mn: 18.5

[8] LCO ------------ ----------- Stage I and II:
Co: 43 and 3
Li: 16 and 6

[15] Cathode scraps
NMC

Trichloroacetic
acid
Acetic acid

H2O2
Residue layer diffusion and
surface chemical reaction

Co:  54.22
Ni: 53.21
Mn: 55.68
Li: 52.04

[16] Trichloroacetic
acid

Chemical  reaction control Mn: 43.8
Li: 28.0
Co: 44.7
Ni: 44.5

[17] Cathode scraps
NMC Formic acid

--------- Surface chemical
reaction

Co:  41.52
Mn: 41.64
Ni: 41.16
Li: 43.61

H2O2
Co: 37.17
Mn: 39.38
Ni: 38.47
Li: 38.29

[18] LCO Surface chemical reaction Li: 44.12
Co: 51.75

[19] NMC Malic acid Electrochemical
reduction

----------- Li 41.71
Ni: 42.83
Co: 44.38
Mn: 43.17

[20] Cathode scraps
NMC

NH3

(NH4)2SO4

Na2SO3

---------- Surface chemical reaction Li: 83.3
Ni: 77.9
Co: 87.9

[21] LCO
NMC
LMO

Citric acid H2O2
Chemical reaction Mn: 45.0

Li: 66.0
Co: 86.0
Ni: 49.0

[22] LCO Diffusion reaction control ---------
[23] LCO

NMC
L-Tartaric acid H2O2 Chemical reaction control Mn: 66.0

Li: 54.0
Co: 58.0
Ni: 73.0
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– Table 1 (Continued)

*Ref. Sample Leached agent Reductor agent Reaction control Activation
energy (kJmol−1)

[24] LCO Succinic acid H2O2 Surface chemical reaction
and layer diffusion

[25] NMC Lactic acid H2O2 Surface chemical reaction Li: 62.81
Mn: 70.62
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pproximately 52.7 million tons of electronic waste will be
enerated worldwide in 2021.

Although electronic waste (e-waste) accounts for only 3 to
% of solid waste, its variety and content of valuable metals
nd plastics exceed those of other forms of municipal waste,
hich is why they are called “Urban Mining”. Within the e-
aste, portable electronic equipment has batteries (Li-ion,
i-MH, Ni-Cd) that usually contain a large number of valu-
ble metals (Li, Co, Ni, Mn,  Cd, Fe, Al, Cu, etc.) and organic
ompounds that can be dangerous to the environment [4].

In Li-ion batteries, Li+ ions migrate from the cathode to
he anode during charging and vice versa during discharge.
sually, intercalated compounds of lithium mixed oxides are
sed, such as LiCoO2 (LCO), LiNixCoyMnzO2 (NCM, x + y+z

 1), LiNixCoyAlzO2 (NCA, x + y+z = 1), LiMn2O4 (LMO) as
ctive cathode materials. Graphite is the solid used in the
nodes. In both electrodes, the solids adhere to a metallic
heet (aluminum for the cathode and copper for the anode)
ith fluoro-polyvinylidene (PVDF) and are embedded in an

lectrolyte. Furthermore, both electrodes are separated by a
lastic film and covered by a metal casing [5,6].

The global battery market is projected to reach $ 100 bil-
ion in 2025 [6]. That is why numerous investigations study
rocesses for the recycling of these devices. One of the most
tudied routes is hydrometallurgy, whose purpose is to extract
he metals present in the different parts of the batteries by
he action of a leaching agent and then to recover said met-
ls by chemical precipitation, electrodeposition, among others
5]. As mentioned earlier, the kinetic study in these processes
as particular importance in the elaboration of kinetic mod-
ls that describe the mechanisms of leaching of the metals to
ptimize the process and turn it into an efficient source for
btaining different metals.

Table 1 presents a summary of the main results, reported
n the bibliography, on the kinetic aspects of the dissolution
eaction of the cathodic material of LIBs in different leaching

edia.
In Table 1, it is observed that the reaction rate of the

eacting systems (cathodic material/leaching agent/reducing
gent) can be controlled chemically or physically depend-
ng on the type of leaching agent used. In general, moderate
r weak acids have chemical control over the reaction rate,
egardless of the cathodic material used. In contrast, strong
cids such as sulfuric or hydrochloric showed a diffusion-
ype reaction control; although in the latter case the Ea values
epend on the type of metal extracted, having the Co higher
a values than the Li. In all the investigations reported in
he bibliography, activation energies were only determined
sing the Arrhenius equation, after adjusting the experimen-
Ni: 63.96
Co: 62.83

tal results, extraction versus time at different temperatures,
with traditional linear-type equations such as those proposed
by Levenspiel in the decade of the 1960s [26].

In the bibliography, two works have been reported whose
experimental design has the purpose of studying the opera-
tional parameters of the dissolution of LCO with H3PO4 [9,10].
Afterward, the authors took advantage of the results to carry
out a kinetic study through which they obtained the Ea values
for Li [9,10] and Co [10]. According to their investigations, the
authors used long initial periods, high temperatures and high
concentrations of H3PO4 and H2O2. This led to obtaining high
values of initial conversions (X) that led to a fit of the kinetic
model with high regression errors (R2). So much so, Chen et al.
[10] reported an R2 of 0.85 for Co (Ea 7.3 kJ mol−1) and 0.92 for
Li (Ea 10.16 kJ mol−1). These low adjustment values (R2) would
indicate that the chosen model does not explain all the vari-
ability of the results obtained, transferring this error to the
reported Ea values [9,10]. Also, the type of reaction control and
the mechanism by which the reaction takes place are not par-
ticularly studied. Furthermore, according to the literature, the
most appropriate way to evaluate the kinetic behavior of the
chemical reaction is to perform it at low conversions, X,  (if pos-
sible at X < 0.1). To achieve this in the experimental design, it
is necessary (mainly) to obtain information about the effect of
time and temperature on the reaction rate at short periods and
low temperatures, at concentrations of leaching and reduc-
ing agent slightly above the stoichiometric values calculated
from the LCO dissolution reaction. This will allow us to obtain
results or data at the beginning of the reaction which will be
very important and will be reflected in the form of the model
fit curve (X vs time at different temperatures) from which the
kinetic parameters will be calculated (e.g. k and Ea) [27].

That is why this work proposes to carry out a comparative
kinetic study of two LCO samples, one from LIBs and the other
commercial, to propose a reaction mechanism for both solids.
Furthermore, we aim to determine the Ea for Li and Co for both
samples using the M̈ODELADOs̈oftware, which correlates the
experimental results of Li and Co extraction, at different times
and temperatures, with mathematical models whose formu-
lation has many  important aspects of the reacting system that
traditional models do not. Among them are the shape and
size of the solid reacting particle, the evolution and changes
that the surface of the reacting particle experiences with the
progress of the reaction. The incorporation of these parame-
ters to these mathematical models will allow obtaining more
precise values of apparent activation energies for Li and Co.

In this sense, we also expect to correct and/or corroborate the
results presented in the bibliography.
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Table 2 – Atomic percentage of the sample composition.

Elements (%) Li Co Mn Ni Al Fe C

M1 7.4 54.6 2.1 1.8 0.3 0.2 0.9
14020  j m a t e r r e s t e c h n o

2.  Materials  and  methods

2.1.  Materials

The reagents used, H3PO4 and H2O2, were of analytical grade,
and all the solutions were prepared with specified concentra-
tions in distilled water. The samples were: LiCoO2 obtained
from cathodes of LIBs of mobile phones of different brands
and models identified as M1  and commercial LiCoO2 identified
as M2.

2.2.  Analytical  methods  and  experimental  procedure

The reagents and products were characterized by X-ray

diffraction (XRD) with a diffractometer Rigaku D-Max III C,
scanning electron microscopy (SEM) in a microscope LEO 1450
VP which was equipped with an X-ray dispersive spectrometer
EDAX Genesis 2000. The composition quantitative determi-

Fig. 1 – Process fl
M2 8.1 55.9 1.9 1.4 ----- ----- -----

nations of the sample were performed by atomic absorption
spectroscopy (AAS) using a Varian SpectrAA 55 spectrome-
ter and X-ray fluorescence (XRF) on a Shimadzu EDX 7000
instrument. The surface area was also analyzed using the BET
method in a Micromeritics Gemini V.

The atomic percentage of the sample composition is shown
in Table 2, as determined by AAS (Li) and XRF (Co, Al, Fe, Mn,
C and Ni).

The leaching tests were performed in a closed batch reactor
®
of 800 mL  built in Teflon and equipped with magnetic stir-

ring and temperature control systems. Fig. 1 presents a flow
diagram of the process.

ow diagram.
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Fig. 2 – Effect of time on the dissolution rea

For each test, calculated amounts of LiCoO2 (M1 or M2)
nd distilled water were introduced into the reactor. This
ixture was heated to attain the working temperature. Sub-

equently, a calculated volume of H3PO4 was added and the
eaction time began to be measured. The leaching tests were
arried out under conditions optimized by Pinna et al. [28],

3PO4 concentration, 2% v/v; H2O2 concentration, 2% v/v; stir-
ing speed, 330 rpm and solid-liquid ratio, 8 g L−1. All the
xperiments were performed in triplicate to avoid random
rrors.

.  Results  and  discussion

.1.  Effect  of  temperature  and  reaction  time

he dissolution tests were conducted under the following con-
itions: H3PO4 concentration, 2% v/v; H2O2 concentration, 2%
/v; stirring speed, 330 rpm and solid-liquid ratio, 8 g L−1. The
ffect of varying the temperature and the reaction time on the
issolution of metals contents in the sample (M1 and M2) was

nvestigated between 298 and 348 K and 0.5–120 min. These
esults are shown in Fig. 2, where the percentage of leach-

ng of the metals was used to determine the kinetics of the
issolution reaction.

In Fig. 2 can be observed that the dissolution rate (X) has
ignificantly increased until 30 min. After this period, the
 rate of samples at different temperatures.

increase in the response is slight until the curve reaches the
plateau at 120 min. Furthermore, the differences in the extrac-
tion of Li and Co and in the LCO leaching rate between both
samples M1 and M2 could be mainly attributed to the differ-
ence in their reactivities. Therefore, the lower reactivity of the
M2  sample is justified in its structure being fresh, that is, it
has not been used as a means of energy transport. While the
structure of sample M1  has been subjected to several charge
and discharge cycles in which Li+ enters and leaves it (interca-
lation reaction). This migration of Li ions from the cathode to
the anode would mainly produce a distortion in the crystal
lattice (structure) to compensate for the deficiency of posi-
tive charge. The repetition of this process causes wear on the
structure of the cathode material (LCO-M1), which creates per-
manent modifications in the original crystal lattice of the LCO,
thus generating vulnerable or preferential sites for the attack
of the chemical agent. These sites could be due to Schottky or
Frenkel defects, such as crystalline defects, charge deficient
sectors due to migration of Li ions to interstitial sites, and dis-
tortion or stresses of the LCO crystal lattice. This leads to an
increase in the rate and extraction values of Li and Co for the
M1 sample [27–30].

In Fig. 2, it can also be seen that in both samples Li has a
higher extraction speed than Co. This may be related to the

fact that lithium is extracted from the solid in the same way
in which it is (Li+), while Co would need an additional step of
reducing Co3+ to Co2+ to be leached. In the latter case, sample
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s M
Fig. 3 – SEM micrographs of the residues from the sample

M2  presents additional resistance related to the freshness of
its structure.

3.2.  Characterization  of  leaching  residues

The analysis was performed using SEM to infer what type of
chemical attack the samples suffer. For this, the residuals of
both samples where the conversion was less than 40% were
analyzed. In Fig. 3 a) and c), SEM micrographs of M1 and M2
residues leached for 1 min  at 298 K, respectively, are shown. In
them, it can be seen that there was a selective attack on cer-
tain preferential zones (A, B, C and D) of the particles (holes).
In Figs. 3 b) and d), SEM micrographs of M1  and M2 residues
leached for 15 min  at 298 K, respectively, are shown. In these,
a growth in the size of the holes can be observed with respect
to Figs. 3 b) and d) at 1 min, which would indicate a progress
of the reaction.

Fig. 4 shows the diffractograms of samples M1 (Fig. 4 a)
and M2  (Fig. 4 b) before and after leaching. The diffractograms
show the peaks corresponding to LiCoO2 (ICDD 01-077-1370)
before and after leaching for different periods. The only appre-
ciable difference is the intensity of the peaks according to
the degree of dissolution of the sample. The same behavior
is observed for sample M2.
The BET method was used to determine the specific surface
area of some residues with different degrees of conversion.
No important changes were observed on the specific surface
area of the residues. The samples M1  and M2  had surfaces
1  (a and b) and M2  (c and d) leached for different periods.

ranging from 2 to about 20 m2 g−1 depending on the progress of
the reaction. The increase in surface area would be due to the
fact that the LCO dissolution reaction starts at a preferential
point of attack (Schottky or Frenkel defects [30]), which then
transforms into a hole that grows as the reaction progresses
to produce the division of the solid leading to a decrease in
the grain size and with it the increase of the surface area. The
surface area of 20 m2 g−1 corresponds to the M1 sample with
the longest reaction time.

3.3.  Kinetics  analyses

3.3.1.  Mathematical  model
The kinetic study was performed with the software MODE-
LADO [31] using the experimental data from the study of the
effect of temperature and reaction time on the dissolution of
the metals contained in the sample (M1 and M2)  between 298
and 328 K and between 0.5 and 120 min. (Fig. 2). These data
were correlated with 24 different mathematical models. The
operational conditions used for each assay were entered as
a set of inputs to start the estimation [31]. Then, the soft-
ware adjusts each of these mathematical models with the
experimental data, from which it calculates the regression

errors associated with each temperature level. Those models
that have a regression error >5% are rejected by the software.
Table 3 presents the mathematical models with the lowest
percentual regression error values �(%).
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Fig. 4 – Diffractograms of the residues of both samples leached for different periods.

Table 3 – Feasible models according to the percentual regression error.

Mathematical models

Li Co

� (%) M1 M2 M1 M2

<1 -------- -------- ------- --------
<2 -------- -------- -------- --------
<3 ln (1 − X) =

−b1

[
ln (1 + b2t) − b2t

1+b2t

]
(1)

<4 -------- -------- -------- X =b1

[
ln (1+b2t) - b2t

]
(2)

1 [1-(
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<5 X = b1 [1 − (1 + b2t) e−b1t] (3)
ln (1-X) = − b1 [1-(1+ b2t)eb2t] (4)

ln (1-X) = − b

The feasible kinetic models (Table 3) are based on the
nucleation and growth of nuclei” theory, which was originally
eveloped for the modeling of transformation reactions and
olid decomposition [32–34]. Delmon [35], adapted this theory
o fluid-solid reactions, changing the concept of “nucleation”
nd the “growth of nuclei” to “activation in active sites” and
growth of holes”, respectively.

The models of the Eqs. (3) and (4) have a nucleation param-
ter equal to 1, this value indicating that the nucleation is
onstant, unlike the models of the Eqs. (1) and (2) whose
ucleation parameter is equal to 2, which indicates that the
ucleation is of a sequential type, which can be corroborated

n Fig. 3. From the regression error of each of the models and
onsidering that the extraction of lithium and cobalt from the
tructure, in both samples, fit with the same model, the model
iven in Eq. (1) was selected as the most probable, since it also
atisfies the hypotheses of its formulation [27].

The results of experimental data adjustment of the disso-
ution of the samples M1  and M2  in H3PO4 with the selected

odel are shown in Fig. 5. It can be noted that the experimen-
al results and the values predicted by the kinetic model are in
xcellent agreement, as observed in the values of the squared
orrelation coefficient, R2.

For the deduction of the selected model, the number and
ate of generation of spontaneous active sites were proposed.

s regards this model, the generation of these sites in the LCO-

3PO4 reaction system is that of the s̈equentialẗype [27].
Each model is classified according to assumptions regard-

ng the reactant particle: its reactivity, starting structure, and
1+b2t

1+ b2t)eb2t] (4) ln (1-X) = − b1 [1-(1+ b2t)eb2t] (4)

the changes experienced during the process of transformation
[2,36–38].

The selected model has the following hypotheses about the
reactant particle:

a) The particle is composed of a non-porous pure solid;
b) There is no formation of solid products remaining on the

particle;
c) The interface surface is identical to the surface of the reac-

tant particle;
d) The initial reaction rate of the process is controlled by  the

rate of formation of the reaction interface.

As regards the formation of the reaction interface, the
following two  cases should be distinguished: topochemical
reactions and reactions that proceed by activation of the inter-
face area. In addition, each formulated model has several
particular hypotheses that make them differ from each other.

Eq. (1) is obtained from the following basic equation of
growth nuclei and growth of the nuclei theory:

dX
dt

= ˝0VGrN

V0
(1 − X) (5)
where: �0 is the initial surface of the particle and V0 its initial
volume; rN is the activation rate of active sites per unit area;
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n ex
Fig. 5 – Mathematical fit of the dissolutio

VG is the volume of the hole, which, for a time t, is calculated
as:

VG = �gV0

(
bMBrSt

�d0
p

)p

(6)

where: p, is the growth factor, whose value indicates the direc-
tion in which the growth of the nuclei progresses. In the
specific case of the model represented by Eq. (1), the value of
p is equal to 1, which indicates that the growth of the nuclei is
in only one direction, which is consistent with that observed
in the micrographs of Fig. 3.

The activation rate, rN, is defined as:

rN = kNN0
S

2
N0

E
m

(1 + kNN0
S

2
N0

E
m

t)
2

(7)

where: N0
E it is the number of moles per unit area of a chem-

ical species E that participates in the process, whose identity
arises from analyzing different kinetic mechanisms that can
be postulated concerning the formation of the reaction inter-

face.

The Eq. (1) corresponds to the particular case of sequen-
tial activation of spontaneous active sites, NS, due to an
adsorption-reaction-desorption process, whose rate of change
perimental data and kinetic model data.

is given by Eq. (8). This is evidenced by the fact that the points
of attack do not occur uniformly throughout the surface of the
particle, which would occur if it were an instant nucleation,
but in localized sectors of it.

dNs

dt
= kNN0

E
m(

N0
S − NS

)2
(8)

where: NS is the number of activated sites per unit area and
m is the order of reaction with respect to species E.

To identify the chemical species E, Eq. (8), it is presumed
that the overall rate of the sample dissolution process is con-
trolled by the adsorption stages of the fluid reagent and the
chemical reaction, according to the proposed kinetic mecha-
nism, Fig. 6, which takes place on the surface of the sample
solid reagent, assuming that m = 2. The proposed mechanism
consists of three stages. The first stage is a very rapid reac-
tion where hydrogen peroxide reduces Co3+ to Co2+ in the
presence of diacid phosphate anion, producing the destabi-
lization of the crystal lattice. Then, at a slow stage, chemical
adsorption of two H2PO4

− molecules occurs on the exposed
surface of the solid, more  precisely on the lithium and cobalt

atoms to form lithium diacid phosphate, which diffuses into
the solution and the intermediate [(Co2+)(H2PO4

−)]+. Finally, in
a fast stage, another molecule of H2PO4

− reacts with the inter-
mediate forming the cobalt (II) diacid phosphate, which also



j m a t e r r e s t e c h n o l . 2 0 2 0;9(x  x):14017–14028 14025

r the

d
i
o
p
c
s
(

w
p
n
t
t

Fig. 6 – Mechanism proposed fo

iffuses into the solution. Both phosphates, when diffusing
nto the solution, leave reaction nuclei from which the attack
f the leaching agent would continue. According to the pro-
osed mechanism, Fig. 6, Eq. (7) corresponds to the particular
ase of a second-order activation speed, where the chemical
pecies E is identified and corresponds to H2PO4

−. Then, Eq.
6) is expressed as:

dNS

dt
= kNc2

AS

(
N0

S − NS
)2

(8)

here: N0
S, represents the number of initial moles of the sam-
le per unit of initial surface area of the particle; NS, is the
umber of moles of the sample that have been removed since
he solid and fluid reagents were contacted; CAs is the concen-
ration of phosphoric acid evaluated on the reaction interface.
 dissolution of LCO with H3PO4.

If we integrate the Eq. (8) subject to NS = 0, at t = 0, the
following is obtained:

NS =
kNc2

As
N0

S
2
t

1 + kNc2
As

N0
St

(9)

dNS

dt
=

kNc2
As

N0
S

2

(
1 + kNc2

As
N0

St
)2

= rN (10)

Combining the Eqs. (5) and (6), for p = 1, and Eq. (9), and
by integrating the resulting equation, we obtain Eq. (1), with
the coefficients b1 and b2, defined by Eqs. (11) and (12), respec-
tively. The coefficients rS, k (velocity constant) and kN (velocity

constant of nucleation), are defined in Eqs. (13),(14) and (15).

ln (1 − X) = −b1

[
ln (1 + b2t) − b2t

1 + b2t

]
(1)
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n Li
Fig. 7 – Arrhenius plot for the dissolutio

b1 = �gN0
S˝

0bMBrs

b2�d0
p

(11)

b2 = kNN0
S (12)

rs = kCn
As

(13)

k = A1e
−E1
RT (14)

kN = A2e
−E2
RT (15)

The reaction control-stage that determines the leaching
rate is represented by the value of the activation energy (Ea).
When the process is controlled by diffusion stages, the acti-
vation energies are less than 12.5 kJ mol−1, since the reaction
is slightly temperature-dependent [30]. While processes with
activation energies greater than 42 kJ mol−1 are chemically
controlled and have a strong dependence on the temperature.
The Ea was calculated from the slope of the plot of ln k versus
1000/T and results are presented in Fig. 7. The estimated Ea

values suggest that the dissolution rate of the oxide for both
samples is surface chemical reaction control.

From the results of Figs. 3 and 7, it can be inferred that both

samples M1  and M2  experience a topochemical attack and the
process is initially controlled by the rate of formation of the
reaction interface, through the nuclei that develop in it.
 and Co from M1  and M2  LCO in H3PO4.

4.  Conclusions

The dissolution rate of M1 and M2 increases with increas-
ing temperature and reaction time. The model that best fitted
the experimental results is based on the theory of n̈uclei and
growth of nuclei.̈ The latter was confirmed by SEM analysis
carried out on the attacked particles. In these micrographs
it is observed, on the one hand, that the surfaces of the
particles that make up samples M1  and M2 are not uni-
formly reactive and, on the other hand, that the fluid reagent
undergoes selective attack at preferential points of said LCO
particles. Furthermore, it was inferred that the differences
in the extraction values of Li and Co, between M1  and M2,
could be attributed to the modifications, distortions and/or
deterioration of the original structure of LCO in M1. This
occurs due to the continuous wear to which the battery is sub-
jected, during charge and discharge cycles, during its useful
life.

The Ea values deduced by the Arrhenius relation were Li,
41.0 and 35.15 kJ mol−1 for M1 and M2, respectively, and Co,
33.5 and 35.15 kJ mol−1 for M1 and M2, respectively. These
Ea values show a chemical type reaction control. Finally, the
proposed mechanism for the reaction of dissolution of the LCO

(M1 and M2) with phosphoric acid could follow a second order
kinetic reaction.
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PPENDIX.

: Stoichiometric coefficient.
Ca: Concentration of acid evaluated on the interface of reac-

ion, mol  L−1.
do: Initial particle diameter, �m.
Ea: Activation energy, kJ mol−1.
k: Kinetic coefficient of the reaction rate, m s−1.
kN2: Kinetic coefficient of the formation of the sites, m2 s−1.
m: Order of reaction with respect to species E.
NE

0: Number of moles per unit area of a chemical species
.

NS
0: Initial number of the sites that can be activated per

nit area of the initial surface of the reactant particle.
NS: Number of active sites per unit area.
�: Growth factor.
rN: Activation sites rate, mol  m−2 s-1.
rS: Solid-fluid reaction rate, mol  m−2 s-1.
T: Temperature, K.
t: Time, s.
tL: Latency time, s.
�: Dimensionless time.
vg: Volume of the hole, m3.
VG: Total volume of holes, m3.
V0: Initial particle volume, m3.
X: Degree of dissolution of the solid reactant.
�: Solid density, kg m−3.
�0: Initial particle surface, m2.
�g: Shape coefficient of holes.
�: Nucleation order.
�: Error associated with each level of temperature.
nr: Stirring speed, rpm.
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