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Abstract: The process of recovering metals from spent lithium-ion batteries is difficult due to the complexity of the
metal components. Therefore, the separation and extraction of metal ions from the leaching solution of spent lithium-
ion batteries requires a set of hydrometallurgical processes. In this research, precipitation and solvent extraction
processes have been used to the final recovery of metals. Initially, 96.5% of manganese ions were precipitated by
applying potassium permanganate with the molar ratio of manganese ions to potassium permanganate: 2 and pH: 2.
Then, via dimethylglyoxime in molar ratio of nickel ions to dimethylglyoxime: 0.5, and pH: 5, 96% nickel recovered,
approximately. Subsequently, using 30 v/v% D2EHPA and 5 v/v% TBP respectively as an extractant and a modifier of
the organic phase, and under optimal conditions of Vo/Va: 1, pH: 5, temperature 25 °C, time 20 min and mixing speed
400 rpm, it is possible to achieve 93.38% cobalt extraction efficiency and also control the loss of lithium at 16.74%.
Finally, in the molar ratio of lithium ions to sodium carbonate: 0.7, temperature 100 °C, time 40 min, mixing speed 400
rpm and the pH: 12, the lithium precipitation efficiency reached to 98.84%.
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INTRODUCTION

The widespread and rapidly increasing production and consumption of LIBs, as well as the development
of consumer electronics and hybrid and electric vehicles, has led to increased demand metals and generation
of battery scrap [1-3]. 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 electrolytes and separators [4-7]. Also, LIBs can regularly
release toxic organic compounds that are very corrosive and pose an unavoidable risk in causing damage to
the environment and public health [8,9]. Hydrometallurgy process has attracted much attention in academic
research and industrial applications because of effective metal recovery, relatively low energy consumption,
and low gas emissions [10]. In this paper, the recovery of manganese, nickel, cobalt and lithium metals from
the leaching solution of spent lithium-ion batteries using hydrometallurgical method has been studied. The
main focus of this study is the selective separation of metals from leaching solution of spent lithium-ion
batteries, the investigation of the factors influencing cobalt solvent extraction and control of loss of lithium
in the previous stages of metals separation.

METHODS

The recycling of metals was carried out through the various process, including pre-treatment, crushing,
leaching and final recovery. The process was initiated by neutralizing the material in the 5 wt% solution
of sodium chloride to completely discharge the batteries within 36 hours. Then, after initial crushing and
manual separation of the different components of the batteries from each other, the solution of 10 wt %
sodium hydroxide was used to remove and alkali dissolution of aluminium foil from other accompanying
cathode materials. Subsequently, the resulting solution was filtered and the remaining solids material was
dried in an oven at 80 °C for 12 h. Finally, in order to remove associated impurities, especially carbon
and Polyvinylidene fluoride (PVDF) from cathodic valuable materials, calcination was carried out at
the temperature of 610 °C in a vacuum furnace for 3 h. The cathode material leaching process was also
carried out, in the presence of 2 M sulfuric acid at 60 °C for 80 min, 4 v/v% of H,O,, and the solid-to-
liquid ratio of 30 g/L. Precipitation operations were used to separate manganese and nickel metals from
the leaching solution. Potassium permanganate (KMnO),) and dimethylglyoxime (DMG) were added to the
leaching solution, for precipitation manganese and nickel, respectively. The solvent extraction process was
developed to concentration and extraction of the cobalt from lithium ion in the remaining solution. The SX
operation was designed using the design expert software (version 10) following the conditions and results
listed in Table 1 using the Taguchi L, orthogonal array method for 4 variables at 3 different levels, and the
effect of parameters such as D2EHPA concentration, TBP concentration, pH and the phase ratio of organic
to aqueous on cobalt extraction was investigated. Lithium precipitation experiments were performed in
different molar ratios of lithium ions to sodium carbonate.

Table 1. Conditions and results of Co and Li solvent extraction experiments

Run O/A ratio pH TBP D2EHPA Co Recovery (%) Li Recovery (%)
1 1 6 5 20 86 13.47
2 1.5 4 10 20 75.56 7.46
3 1.5 6 0 30 85.1 17.18
4 4 10 67.26 8.58
5 2 4 5 30 84.3 13.14
6 5 10 30 88.74 15.88
7 1.5 5 5 10 82.4 8.12
8 2 5 20 71.68 7.31
9 2 6 10 10 71.06 6.82
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FINDINGS AND ARGUMENT

By calculating the mean of responses at different levels, we can determine the optimal levels of parameters
during these experiments according to Figure 1. As shown in Figure 6, the optimal SX conditions to achieve
the highest percentage of cobalt extraction can be obtained in the presence of 30 v/v% D2EHPA, 5 v/v%
TBP,pH: 5and V /V = 1.5.
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Mean of Responses

Vo/Va D2EHPA TBP pH
mLevel 1 80.66 73.57 74.68 75.7
ELevel 2 81.02 77.74 84.23 80.94
mLevel 3 75.68 86.04 78.45 80.72

Figure 1. The mean responses of Co solvent extraction at different levels of parameters

Effect of VO/VA : Increasing the phase ratio of organic to aqueous from 1 to 2 due to increasing the
viscosity of the solution leads to a decrease in the cobalt extraction efficiency from 93.38% to 88.94%.
Also, in these conditions, a slight decrease in lithium loss from 16.74% to 13.56% was obtained. Due to the
results obtained, the maximum efficiency of cobalt extraction and the minimum rate of lithium loss occurs
inthe V /V,=1.5.

Effect of D2EHPA: D2EHPA is the most common and useful extractor for separating cobalt from leaching
solutions. The reaction of cobalt ion exchange with D2EHPA is following equation 1 [11].

Co>" +2 D2EHPA «> Co(D2EHPA),+ 2H* (1

The results show that as the concentration of D2EHPA increases from 10 to 30 v/v%, the extraction
efficiency of cobalt and lithium increases from 81.26% and 7.47% to 93.38% and 16.74%, respectively.

Effect of TBP: The results show that TBP has a positive effect on cobalt extraction efficiency. The result
of increasing the cobalt extraction efficiency from 84.02% to 93.38% while adding 5 v/v% of TBP to the
solution can be observed.

Effect of pH: According to results, by increasing the pH from 4 to 6, the cobalt and lithium extraction
efficiency increase from 88.34% and 14.43% to 93.05% and 18.58%, respectively. Since the rate of lithium
loss at pH: 5 less and the efficiency of cobalt extraction is similar to the experiment condition at pH: 6, the
optimal pH: 5 was selected to the separation of cobalt from the leaching solution.

Analyzing the results of SX experiments show that the optimal conditions for cobalt extraction were
provided at 30 v/v% D2EHPA, 5 v/v% TBP, Vo/Va=1, pH:5, temperature 25 °C, time 20 min and mixing speed
400 rpm. Under these conditions, the efficiency of cobalt extraction is 93.38% and lithium loss is 16.74%.

Li scrubbing: Lithium scrubbing was investigated as a function of the concentration of the scrubbing
agent using sodium hydroxide and sodium carbonate. With the increase in the concentration of NaOH and
Na,CO, from 0.075 to 0.2 M, the efficiency of lithium scrubbing has increased to 88.65% and 98.04%.
However, increasing the concentration of the scrubbing agent to more than 0.2 M has led to the stabilization
and reduction of the scrubbing efficiency by sodium carbonate and sodium hydroxide, respectively.
Therefore, 0.2 M of sodium carbonate was considered as the appropriate reagent concentration for lithium
scrubbing.
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Stripping of Co: As the concentration of sulfuric acid increases from 0.1 M to 1 M, stripping efficiency
increased from 55.21% to 99.88%.

Precipitation of Li: Optimal conditions were obtained at the MRLN: 0.7 with the possibility of
precipitation of 98.84% of lithium.

CONCLUSIONS

Due to the increase in demand and consumption of lithium-ion batteries, the amount of waste of electrical
and electronic equipment is growing. Lack of management of the recycling of lithium-ion batteries, on
the one hand, means environmental pollution and on the other hand means ignoring the huge source of
valuable metals such as manganese, nickel, cobalt, and lithium. In this study, an attempt has been made to
use various hydrometallurgical techniques to recover valuable metals from the leaching solution of spent
lithium-ion batteries.

The results showed that 96.5% of manganese ions in oxide form were separated from the leaching
solution by the MRMK: 2 and pH: 2. In the same way, 96% of nickel in MRND: 0.5 and pH: 5 can be
recovered under constant experimental conditions.

The optimal conditions for cobalt extraction (93.38%) were obtained at 30 v/v% D2EHPA, 5 v/v% TBP,
Vo/Va:1, pH:5, temperature 25 °C, time 20 min and mixing speed 400 rpm.

Optimal conditions for lithium precipitation were obtained at the MRLN: 0.7 with the possibility of
precipitation of 98.84% of lithium.
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