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ABSTRACT

The aim of this study was to recover metals from the positive electrode material for recycling in
lithium-ion batteries. It was focused on research to optimize the hydrometallurgical pretreatment
process of cathode materials for Li-ion batteries by varying parameters such as NaOH
concentration, the ratio of solvent volume to mass of the test sample (liquid-solid ratio (L/S)) and
reaction time. Thus, from used batteries collected in a local market (Colobane, Senegal), cathodic
materials dried in an oven at 50°C for 24 hours, submitted to alkaline leaching with NaOH 2, 3 or
4N, followed by filtration, all at room temperature. The filtrates obtained were analyzed by atomic
absorption spectrophotometry. The results obtained were showed that Al collectors could be better
extracted with 4N NaOH for 5 hours at a ratio liquid/solid (L/S) = 10/1, with small quantities of the
metals Co, Mn, Ni and Li found in the filtrates.
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1. INTRODUCTION

In recent decades, making some aspects of life
much easier, smaller, easier to handle, portable
electronic devices have invaded our daily lives.
Indeed, there was a rapid worldwide growth of
cellular phones, laptops, digital cameras, electric
and hybrid vehicles, etc. [1,2]. These
technologies operate with electrochemical
systems (batteries) that can store (in chemical
form) and reversibly release (in electrical form)
energy during their operation. Since their
discovery in 1959 [3], several types of batteries
have been developed and the best known are
lead acid batteries, nickel cadmium batteries (Ni-
Cd), nickel metal hydride batteries (Ni-MH), Li-
ion batteries (Libs), lithium air batteries, etc. [4,5].
A battery is mainly composed of a cathode, an
anode, an electrolyte, and a separator. These
different components are made of materials
containing relatively high concentrations of
metals (Co, Li, Mn, etc.) [4].

Due to their good performance, compared to
other battery types, Libs have become the most
powerful energy source used [6-8]. Thus, their
production and consequently, the quantities of
waste Libs used was increased considerably. For
example, world Libs production of about 2044
million units in 2007 almost were up to 4.6 billion
units in 2010 [5,8].

Therefore, spent Libs is defined as hazardous
waste and its improper handling can cause very
serious adverse effects on the environment and
human health (groundwater contamination, air
pollution, natural contamination) [4].

Thus, recycling processes, in addition to
preserving the environment, make economic
sense when metals are chemically important,
relatively rare and/or valuable. Indeed, the
exhaustion, scarcity, high cost or difficult
exploitation of natural resources, are all justifying
factors. As a result, the recycling of this
electronic waste must be a necessity and a
priority from both an economic and an
environmental point of view.

Many studies have been devoted to the research
of a process for the valorization of metals in
spent Libs. Thus, various pyrometallurgical,
hydrometallurgical and biometallurgical
processes have been studied to leach and
recover so-called precious metals in the spent
Libs [6,8,9,10,11].

Recovery processes are generally carried out
using thermal and/or physical separation,
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alkaline than acid leaching, extraction and

purification processes [6,12,9].

In the alkaline leaching step, solvents such as N-
methylpyrrolidone (NMP) [9], ammonia [1,4,9],
sodium hydroxide [10,11] were used to leach and
separate the current collectors (Cu and Al) from
the active material.

In addition, various inorganic acids were studied
as solvents in the acid leaching stage. These
include sulfuric acid [13,14], hydrochloric acid
[15,16], orhophosphoric acid [17]. Hydrogen
peroxide [13], glucose [10], sodium metabisulfite
[18], ascorbic acid and tartaric acid [19] were
used as reducers of M*" to M** ions (M= Co, Mn,
Ni, ...) in the acid leaching step, due to their
instability in complexes.

Organophosphorus acids such as bis (2-
ethylhexyl) phosphonic acid (D2EHPA) [20], bis
(2,4,4,4-trimethylpentyl) phosphinic acid (Cyanex
272) [21,22] and 2-ethylhexyl phosphonic acid
(PC88A) [23] have also been extensively studied
as metal extracts. In addition, studies of
combinations of different extractants were
conducted to investigate the selective separation
of metals in leachate liquor [21,23,24]. They were
shown more affinity between D2EHPA and
manganese, Cyanex with cobalt and PC88A with
nickel [25].

According to Ordofez et al. (2016), the recycling
of used Libs mixed electrode materials remains
limited. In view of these findings, it would
therefore be important to develop and test a
simple and optimal recycling process for the
recovery of mixed batteries.

Thus, the aim of this study is to develop an
optimal extraction method by testing different
solvents while varying concentrations and
contact times.

2. EXPERIMENTAL
2.1 Materials

The Libs used in this study were purchased from
the Colobane market (Dakar, Senegal) and from
Samsung and Nokia (BL-5F) phones. The
reagents used were of analytical purity.

The electrode materials were heated using a
Memmert drying oven to remove organic
components from the electrolyte. Filtrate
analyses were performed wusing a Varian
SpectrAA 220 atomic absorption/emission
spectrophotometer with air/acetylene flame.



2.2 Methodology

This study was consisted of treating Libs cathode
material with NaOH at different concentrations
and variables reaction times and the ratio of
solvent volume in millilitres to mass in grams of
the test sample (liquid/solid ratios), in order to
select the optimal separation parameters of the
electrode material from its aluminium current
collector.

2.2.1 Sampling

The Libs have been completely discharged to
avoid any risk of explosion or ignition. They have
been manually dismantled and the electrode
materials were removed from the plastic and
then metal shells, then dried in the oven for 24
hours at 0°C. The cathode materials were cut
into small pieces of scissors and stored in glass
jars for alkaline leaching studies. Fig. 1 highlights
the components of Libs and illustrates the
different steps of this process.
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2.2.2 Alkaline leaching process

Test pieces of 5 g of cut material were dissolved
in NaOH solutions. The resulting mixtures were
magnetically shaken at the ambient temperature.

After the leaching process, the final mixtures
were filtered and the black residues (Fig. 2) are
stored for acid leaching studies. The alkaline
leaching liquor was then characterized and
quantified.

2.2.3 Acid leaching process

The pastes obtained previously were dissolved
separately in H,SO4 4 M and H,0O, 4% at an L/S
ratio of 10:1. The mixtures were magnetically
stirred for 60 minutes and then filtered. This
leachate filtrate was analyzed while the black
residue, which was supposed to concentrate on
carbon black and carbon monoxide, was stored
for further processing.

Fig. 1. Li-ion battery a) electrode material and separator assembly b) and cathode and anode
materials c)

Fig. 2. Electrode material powder and leaching filtrate
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Fig. 3. Percentage of dissolution of libs metals as a function of NaOH concentration

Table I. Percentage of metals dissolution with NaOH 4N, L/S=10/1

NaOH, 4N Al Li Co Mn Ni Fe ()

L/S= 10, 5h 55.00 % 9.23 % 0.30 % 0.14 % Traces Traces
L/S= 11, 5h 56.25 % 7.92 % 0.32 % 0.18 % Traces Traces
L/S=12, 5h 57.36 % 9.21 % 0.47 % 0.18 % Traces Traces
L/S=10, 24h 52.25 % 8.51 % 0.98 % 0.10 % Traces Traces
L/S=11, 24h 55.00 % 8.87 % 0.158 % 0.17 % Traces Traces
L/S=12, 24h 59.31 % 9.44 % 0.34 % 0.22 % Traces Traces

2.3 Analytical Methods

Filtrate analysis was performed using a Varian
SpectrAA 220 atomic  absorption/emission
spectrophotometer using SpectrAA software
version 4.10. Spraying was carried out using an
air/acetylene flame with an airflow rate of 3.5
L/min, an acetylene flow rate of 1.5 L/min and a
nebulizer flow rate of 5 mL/min. The samples
were prepared by diluting the filtrates (1/10th,
1/100th, 1/1000th). The calibration solutions
were prepared by dissolving the metal salts in
ultra pure water. All dilutions have used this type
of water. For each of the elements studied (Al,
Ca, Cu, Co, Co, Cr, Mg, K, Fe, Li, Mn, Ni, Na),
calibration was performed using individual
solutions prepared at 2, 4, 6, 8 and 10 and 50
mg/L. The elements Fe, Co, Ni, Mn, Cu, Cu, Cr
were analyzed by absorption using the same
SpectrAA Lamp Varian hollow cathode lamp. The
Ca and Mg elements were analyzed by
absorption using another SpectrAA Lamp Varian
hollow cathode lamp. The elements Al, K, Li and
Na were analyzed by emission. For each
prepared solution (calibration and diluted
sample), 3 measurements were made for 3

seconds, leaving a delay of 10 seconds between
each measurement.

3. RESULTS AND DISCUSSION

To study the effect of NaOH concentration,
samples (5 g) were dissolved in NaOH 2N, 3N
and 4N at a ratio of L/S = 10 L/Kg. After 5 hours
of stirring time (magnetic stirrer), the mixtures
obtained were filtered and the black residues
recovered and then stored for further purification
studies. The filtrates were then analysed by
atomic absorption spectrophotometer (SAA). The
leaching performance was the masses of
dissolved metals relative to the mass of the
cathode materials test sample (weight
percentage) illustrated in Fig. 3 above.

These results were shown that a decrease in
NaOH concentration was correlated to a
decrease in leaching performance of all metals
analyzed with higher leaching performance
percentages for Al (12% to 55%) followed by Li
(2.70% to 9.23%). However, the metals Mn, Co
and Ni are found in trace amounts in the
aqueous phases.



A combined study of the L/S ratio and reaction
time of the alkaline leaching process was
conducted on six (6) samples of cathodic
materials from used batteries. The NaOH
concentration used was set at 4 N, the reaction
medium was at room temperature and the
reaction times were 5 h and 24 h (Table I).

Based on the results obtained, the effectiveness
of alkaline leaching with 4 N NaOH of Li and Al
was varied slightly with the amount of solvent.

After 5 hours of reaction, the dissolution rates of
the metals were varied from 55.00% to 57.36%
for Al, from 0.30% to 0.47% for Co and from 0.14
% to 0.18% for Mn. However, the variation in the
Li rate was decreased from 9.23% to 7.92% and
then was increased to 9.21%.

At 24 hours of agitation, leaching efficiency was
increased from 52.25% to 59.31% for Al, from
8.51% to 9.44% for Li and at the end from 0.10
% to 0.22% for Mn. The variation in the
dissolution rate of Co, on the other hand, was not
monotonous. It was carried out by a decrease
from 0.98 % to 0.16% and then an increase to
0.34%. At both reaction times, the metals Ni and
Fe (Il) have remained in trace amounts in the
leaching liquors.

Compared to the two reaction times, a slight
variation in the dissolution rates of Al and Li was
noted. Still with these two reaction times (5 h and
24 h), the Al leaching rate was the same 55.00%
for the ratio L/S = 10 L/Kg. However, these rates
had varied slightly from 55.00% to 56.36% and
55.00% to 57.36% for 5 h and 24 h respectively.
The dissolution efficiency of Li had varied
respectively from 6.85% to 9.21% and from 8.51
% to 9.44% for 5 h and 24 h agitation. These
results had highlighted the small influence of
solvent volume on the efficiency of the process of
separating Al from the active material. Therefore,
the Liquid-Solid ratio that had provided the
highest dissolution rate for Al and the lowest for
Li, Co, Mn and Ni metals had been the most
appropriate. These results were confirmed by the
work of Ferreira (2009), with a dissolution rate of
about 58 % for Al, 12% for Li and trace Co [26].
In view of the results obtained, i. e. an increase
of 2% for each additional litre of volume, and
according to the literature, the L/S ratio of 10
L/Kg had chosen for subsequent studies with a
reaction time of 5 hours.

During the alkaline leaching process, the attack
of the metal Al (s) by soda is only possible after
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its oxidation to AI** by oxygen from the air. This

dissolution of the aluminium current collector by
NaOH is illustrated by the following chemical
equations 1 and 2 [26].

A|203(3) + 2NaO H(aq) + 3H,0 ]
2Na[Al(OH)4]aq) 1
2Al,  + 2NaOH,, + 6H,0 )
2Na[Al(OH)4]aq) + 3H2() )

The aluminium oxide Al,O3 reagent comes from
the protective layer that is deposited on the
cathode collector. This layer, normally formed
during the first life cycles of the material,
prevents degradation of the collector and
improves the cyclability of the material.

In view of the difference in redox potential of the
AP*/Al (E = -1.67V) and O,/JOH (E = 0.40V)
pairs, the oxidation of the metal Al cannot be
spontaneous [27]. As a result, the dissolution of
the aluminium leaf in NaOH cannot be
spontaneously total, which is verified by the
results obtained, varying between 52.25% and
59.31%.

According to the results obtained, relatively high
concentrations of NaOH resulted in more
significant dissolution rates. These results were
confirmed by the work of Ferreira et al. and Chen
et al. with dissolution rates of about 58 % and
99.9% respectively [11,26].

In addition, Li had higher dissolution rates than
the metals Co, Mn and Ni of the material. This
work was sustantiated by those of D. Majuste et
al. with a dissolution rate of about 12% for Li and
at trace levels for Co [26]. According to the
composition of the matrix of materials, Li has
more mobility than these metals. Therefore, its
dissolution in solvents will be more effective than
the metals complexed in this matrix. These
higher leaching rates of Li can also be justified by
the mobility of Li" in the material, according to the
Libs operating principle.

Finally, by comparing the two reaction times
studied, it can be concluded that approximately
half of the metals are dissolved after 5 hours and
that after 24 hours, the levels obtained are lower
or comparable.

4. CONCLUSION

In this work, a hydrometallurgical pretreatment
process, consisting of separating the aluminum
foil from the active material of the electrode



material, was evaluated in order to develop an
optimal method for the selective dissolution of
the Al cathodic collector. Thus, alkaline leaching
was relatively effective with soda, which is a
cheap solvent, and after a relatively short time.
However, this average separation of the active
ingredient from the material in its aluminium
collector leads to a more detailed study of
reaction and thermodynamic kinetics as well as
the analysis of acid leaching with the use of
organic acid solvents.
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