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Abstract: The spent lithium-ion batteries contain valuable metals (lithium, cobalt, manganese and
nickel) and organic compounds that recycle of these batteries, means recovery and production of valuable
metals from huge secondary sources as well as environmental requirements. In this paper, hydrometallurgy
technique was used in two steps (pretreatment, leaching of valuable metals) to dissolve the metals from
spent lithium-ion batteries. In the pretreatment step, neutralized, fragmentation and separation of the various
compound of spent lithium-ion batteries were investigated. Then, the dissolution of valuable metals from
spent lithium-ion batteries using acetic acid (organic acid) and sulfuric acid (mineral acid) was investigated
as the dissolution agent and hydrogen acid as the reducing agent. Other studied parameters are used to
optimize the experimental conditions include acid concentration, hydrogen peroxide concentration, solid
to liquid ratio, time and temperature. Leaching efficiency of lithium, cobalt, manganese and nickel metals
under optimum test conditions in the presence of 2 M sulfuric acid, 60 °C, 80 min, 4% v/v hydrogen
peroxide, and solid to liquid ratio of 30 g/L, respectively, %98.40, %99, %97.53 and %96.78 were obtained.

Keywords: Lithium-ion batteries, Hydrometallurgy technique, Recycling, Valuable metals, Leaching.

INTRODUCTION

With the increasing development of electronics and electrical industries, the waste of electrical and
electronic equipment (WEEE) has become a global issue. In the not-so-distant future, lithium-ion batteries
will be a good alternative to the next-generation electric vehicle power source due to the suitable chemical
characteristics [1-4]. The rapid growth of lithium-ion batteries in electronic and electrical equipment
requires a significant amount of metal resources, especially lithium and cobalt [5-7]. Compared to other
chemical batteries, lithium-ion batteries are relatively harmless. Still, some environmental considerations
about their production, consumption and expiration are the challenges of LIBs. Spent LIBs contain many
toxic substances, such as heavy metals like copper, cobalt, lithium and nickel, and organic chemicals like
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electrolytes and Separator [8-10]. Investorintel and Avicenne Energy predict that global demand for lithium
metal in battery industry will increase from 9760 tons in 2015 to 12160 tons in 2020 and 21520 tons
in 2025, which respectively include, 30%, 37% and 66% of the total lithium produced (32,500 tons) in
2015, 2020 and 2025. Navigant Consulting, Inc. has predicted that global LIB demand for vehicles will
reach $ 221 billion by 2024 [11-13]. Therefore, the recycling of spent LIBs, not only compliances with
environmental requirements but also saves valuable metals and is considered an alternative source. In the
present study, optimization of effective parameters on acidic leaching of valuable metals from spent Li-ion
batteries consumed to meet environmental and economic requirements, using hydrometallurgical method,
has been investigated. Other benefits of this study include the ease of use, convenient recovery, availability
of chemicals used in the country, as well as their applicability to the industrial form.

METHODS

In this paper, hydrometallurgy technique was used in two steps (pretreatment, leaching of valuable metals)
to dissolve the metals from spent lithium-ion batteries. Neutralization was performed with 5% sodium
chloride solution for 36 hours. Then, all the components of the lithium-ion batteries were manually crushed
and disassembled. In order to remove the cathode material from the aluminum foil, sodium hydroxide
dissolution method was applied. First, the aluminum foil containing the cathode active material was finely
divided into 1 * 1 cm pieces and then using a 10 wt% sodium hydroxide solution for 2 hours at room
temperature, the aluminum foil was completely dissolved. Calcination was performed in vacuum furnace
at 610 °C for 3 h to remove all residual impurities as well as to remove and burn carbon and PVDF binder.
Then, in order to increase the contact surface of the cathode materials and thereby increase the kinetics and
recovery, the cathode materials are grinding for 5 minutes in mechanical mill. The experimental design
using Design-Expert software version 10 and according to the conditions in Table 1 by orthogonal array
method (Taguchi L ;) for 6 variables with different levels were designed, and effect of parameters such as
acid type (sulfuric acid and acetic acid), acid concentration (1, 2 and 3 M), hydrogen peroxide concentration
(3, 4 and 5% vol.), solid to liquid ratio (10, 20 and 30 g/1), temperature (50, 60 and 70 °C) and time (40,
60 and 80 min) on metal leaching were discussed. Figure 1 shows the flowsheet of the hydrometallurgy
method for recovery of valuable metals from spent lithium-ion batteries.

RESULT AND DISCUSSION

By calculating the average response at different levels of parameters (Table 1), optimum leaching
conditions can be found to obtain maximum amount of extraction in the presence of sulfuric acid 3 molars
and 4% v/v hydrogen peroxide with solid to liquid ratio of 30 g/L, temperature of 60 °C and 80 min.

e
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Figure 1. flowsheet of the hydrometallurgy method for recovery of valuable metals from spent lithium-ion batteries
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Table 1. Conditions and results of leaching experiments

. . Acid | H,0, | SIL Li Co Mn Ni
Acid Temperature | Time .
Run Tvpe C) (min) Con. | Conc. | ratio | Recovery | Recovery | Recovery | Recovery
P M) | (vv%) | (@) | (%) (%) (%) (%)

|| Acetic 50 80 3 5 30 41.4 29.32 48.39 26.81
acid

o | Acetic 60 80 1 4 30 50.34 9.6 54.54 28.34
acid

3 /ﬁgc 60 60 3 3 20 46.83 35.08 56.84 30.95

4 ‘ﬁgc 50 40 2 4 20 56.54 34.14 74.43 40.29

5 SL:;EIC 70 40 2 3 30 30.86 32.54 29.72 29.91

6 | Acetic 70 60 1 5 10 21.91 17.11 20.13 10.35
acid

7 S‘:figlc 50 60 2 4 20 59.69 60.52 61.11 49.6

g | Acetic 70 80 2 3 20 235 18.04 23.7 12.55
acid

9 S‘:f?;lc 60 60 2 5 30 59.95 44.97 60.98 62.98

10 S‘:f?;lc 50 80 3 5 30 72.67 68.48 79.14 75.23

11 | Sulfuric 70 80 3 5 20 85.8 91.19 89.14 94.32
acid

1o | Acetic 50 60 2 5 10 26.43 254 22.06 13.5
acid

13 i‘figc 50 60 2 3 10 26.99 235 22.33 13.97

14 S‘;'Cﬁ;(;‘c 50 40 1 3 10 32.24 33.32 28.73 24.32

15 S‘;lcf‘iglc 70 60 3 4 10 62.21 62.81 60.44 65.6

16 S‘;lcf‘iglc 60 40 1 3 20 36.17 36.24 31.75 30.06

17 Aﬁgc 70 40 3 4 10 26.25 24.36 20.84 12.92

18 S‘;lcf‘iglc 60 80 3 4 30 98.43 99.05 97.6 96.82

Consequently, follow-up experiments were designed to validate and optimally interpret the effect of different
levels of parameters, taking into account the optimal parameters obtained from previous experiments,
in accordance with the conditions mentioned in experiment 18 to examine the effect of each of these
parameters on recovery of metals.

Effect of acid type

While stabilizing other parameters at optimum levels (temperature 60 °C, 80 minutes, 3 M acid
concentration, 4 v/v% hydrogen peroxide and solid to liquid ratio of 30 g/L), the direct effect of two types
of sulfuric acid and acetic acid were programmed. Recovery of metals when using sulfuric acid is more than
acetic acid. The superiority of sulfuric acid in the dissolution of metals over acetic acid can be justified by
the extremely high acidity constant of sulfuric acid compared to acetic acid. The leaching rates of lithium,
cobalt, manganese and nickel in the presence of acetic acid were 72.67%, 56.94%, 56.16% and 54.59%,
respectively, while using sulfuric acid they were 99.21%, 99.61%, 98.04% and 97.15%, respectively. In
general, the reaction of cathode materials with sulfuric acid and acetic acid in the presence of hydrogen
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peroxide is expressed according to equations 1 and 2.

6(LiNi ,Co, Mn, ,0,) + 9(H,80,), +3(H,0,), — 3(Li,SO), + 2(NiSO,), +2(CoSO,), +
2(MnSO,), + 12(H,0), +3(0,),

(1)

6(LiNi,Co, ,Mn, ,0,) + 18(CH,COOH), +3(H,0,), — 6(LiCH,CO0), +2(Ni(CH,CO0),), +

2(Co(CH,CO0),),, + 2(Mn(CH,CO0),), + 12(H,0), + 3(0,), @

Effect of acid concentration:

Due to increasing concentration of sulfuric acid, the recovery of metals is increased. This fact is justified
by increasing the amount of hydrogen ion in the environment while increasing the acid concentration. It
is evident that in these conditions the reaction kinetics will also increase. When using acetic acid with
increasing acid concentration to 3 M, the metals recovery is constant and sometimes slightly decreased.
This phenomenon can be attributed to the influence of complexing agents and the formation of metal
complexes while leaching of materials with organic acids (weak acids). Since complex formation occurs
mainly at low concentrations, the dissolution rate of metals decreases with increasing acid concentration.

Effect of reducing agent

The reason for the use of reducing agents such as hydrogen peroxide can be explained by the fact that
dissolution of Co?* and Mn?* is much easier than Co*" and Mn*". Hence, the recovery and kinetics reaction
increase with the conversion of Co* and Mn* to Co?" and Mn*". By decomposing hydrogen peroxide,
oxygen is produced, which in spite of the very strong bonding of metals and oxygen, reduces metals. This
decrease will result in a change in the atomic radius, resulting in a decrease in the chemical bond. The
results show that, with increasing the concentration of reducing agent from 3 to 4 %Vol, the dissolution rate
of lithium, cobalt, manganese and nickel has increased in the presence of both acids. But with increasing
H,0, concentration from 4 to 5 %WVol, no significant change in the dissolution rate of the metals has been
achieved and the dissolution has a steady and uniform trend.

Effect of temperature

As the temperature increases from 50 °C to 60 °C, the recovery of metals also increases. This increase
in recovery is due to the better ionic dissociation of the acid and, consequently, the presence of greater
amounts of hydrogen ions in the leaching medium. On the other hand, at high temperatures due to the
endothermic reaction of acid dissociation, the reaction kinetics rate will increase. However, with increasing
temperature from 60 °C to 70 °C, we will see a reduction in the dissolution rate of the metals. The reduction
of leaching rate of these metals at higher temperature than 60 °C can be attributed to the acceleration of
hydrogen peroxide decomposition.

Effect of solid to liquid ratio

When using sulfuric acid and increasing the solid to liquid ratio from 10 g/L to 30 g/L, the dissolution
rate of the metals is almost constant (Li: 98.43%, Co: 99.05%, Mn: 97.6% and Ni: 96.82%). But in the
acetic acid system, the dissolution rate of metals has decreased (Li: 74.21% to 60.18%, Co: 59.29% to
42.49%, Mn: 58.72% to 39.26% and Ni: 60.85% to 48.18%) due to the reduction of the surface area per
unit volume of solution.

Effect of time

The recovery of metals is increased from 40 to 80 min. This recovery increase can be attributed to increasing
the duration of the collision between the leaching agents and solid materials as well as the complete reduction
of cobalt and manganese in two capacities and consequently increasing the dissolution rate of metals.

Finally, under the optimum conditions (60 °C, 80 min, solid to liquid ratio 30 g/1, 4 v/v% H,0,and 2 M
sulfuric acid), recovery of Li, Co, Mn and Ni is 98.40%, 99%, 97.53% and 96.78%, respectively.

CONCLUSIONS

Lithium-ion batteries contain valuable metals (Co, Li, Cu, Mn, Ni, etc.) and organic chemical (electrolytes
and Separator). Lack of attention to the recycling of LIBs means creating pollution for the environment
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and ignoring valuable metals in lithium-ion batteries. Therefore, recycling of LIBs leads to compliance
with environmental requirements, recovery of valuable metals and considering lithium-ion batteries as
secondary sources.

Pre-treatment process leads to decreasing the acid consumption, increasing the leaching efficiency,
decreasing the impurities in further steps and finally decreasing the number of purification steps which
results in fewer operation costs.

Organic acids play an important role in the dissolution of metal through the acidolysis and complexolysis
mechanisms and are capable of forming strong chelates. Also, compared to inorganic acids, they are
thermally stable and have less environmental impacts.

Under the optimum experimet conditions (60 °C, 80 min, solid to liquid ratio 30 g/1, 4 v/v% H,0O, and 2
M sulfuric acid), recovery of lithium, cobalt, manganese and Nickel is 98.40%, 99%, 97.53% and 96.78%,
respectively.
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