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a b s t r a c t

The main aim of this work was to test the ability of an amino acid (i.e. glycine) to
leach cobalt from Li ion batteries (LiBs). The process parameters namely temperature,
pulp density and concentration of glycine were optimized for maximizing the leaching
efficiency of cobalt from the cathodic material. Response surface methodology (RSM) was
applied for determining the experimental conditions instead of using the traditional one
factor at a time (OFAT) approach in order to ascertain the interaction effects between the
different factors. Thus, the optimal leaching value based on RSM and maximum cobalt
leaching potential from LiBs was obtained. The optimum values for the parameters were
as follows; temperature = 74 ◦C, pulp density = 19.9 g/L and glycine concentration =
0.936 M. Under this optimum condition, the cobalt leaching efficiency was 61.8%, while
a maximum leaching of 89.7% was achieved at the following conditions: temperature =
100 ◦C, pulp density = 13.8 g/L and glycine concentration = 1.24 M. Oxalic acid was used
for recovering cobalt from the leaching solution by varying the pH and molar ratio of
oxalic acid and cobalt ions. Cobalt recovery efficiencies were ∼88.0% at pH 7.0 and at
oxalic acid to cobalt ion molar ratio of 2.5:1.0.
© 2022 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/).

1. Introduction

Lithium-ion batteries (LiBs) are widely used as power source in mobile phones, computers and other modern life
adgets. LiBs are preferred due to their unique characteristics, such as: (i) light weight, (ii) high energy density per unit
eight, (iii) high operating voltage, (iv) ability to be recharged, and (v) performance life (Mylarappa et al., 2017; Dhiman
nd Gupta, 2021). The main constituent of LiBs is lithium cobalt oxide (LiCoO2), present in the cathodic active material
f the LiBs. The cathodic material makes up 20%–50% of the total content in the LiBs (Badawy et al., 2013; Yang et al.,
017; Bedekovic and Tenjer, 2021). Carbon graphite is usually used as the anode material (Jha et al., 2013). The electrolyte
sually consists of lithium salt as an organic solvent (Mossali et al., 2020; Sethurajan and Gaydardzhiev, 2021). However,
ue to the development of newer technologies, the aging of LiBs with usage, and the user’s desire to replace older devices,
he service life of electronic devices containing LiBs is diminishing and their fraction in the waste stream is increasing
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(Kopacek, 2013). The LiBs market is increasing at a cumulative annual growth rate of 11% (Olivetti et al., 2017). LiBs are not
directly hazardous to the environment but the toxic metal content (Li, Ni, Co) in LiBs has the potential to get leached from
landfills and contaminate soils as well as the ground water bodies (Karnchanawong and Limpiteeprakan, 2009; Bedekovic
and Tenjer, 2021; Saha et al., 2021).

In addition to the severe environmental hazards, the recovery of cobalt from LiBs is necessary due to its low abundance
n nature. The abundance of cobalt is only 26 ppm of the earth’s surface (Pourret and Faucon, 2017). Out of the total cobalt
resent on the earth’s surface, the Democratic Republic of Congo contributes to 59% of the total cobalt production in the
orld (Investing News Network 2018). According to Binnemans et al. (2013), China is responsible for the export of 90%
f electronic goods containing LiBs. Given the current economic scenario, there will be a supply risk to be dependent on
raditional sources of cobalt. Currently, about 58% of the total produced cobalt is used in LiBs production, which was only
0% in 1999 (Dehaine et al., 2021). This trend is expected to increase in the next decades. An extreme shortage of lithium
nd cobalt is expected if recycling of equipment containing them is not initiated at the industrial scale (Meshram et al.,
015; Choubey et al., 2016).
Due to the intricacy of LiBs, there are essentially no generic recycling systems or processes (Gaines, 2018). Currently,

yrometallurgical processes are being practiced in some industries like Umicore and Batrec (Zhao et al., 2021). However,
hese processes have disadvantages like non-selectivity, release of harmful gases and chemicals, and high energy expen-
itures, among others (Zhao et al., 2021). Several companies, like Accurec (Germany), Recupyl (France), Sony/Sumitomo
Japan), etc., have adopted a combination of hydrometallurgical and pyrometallurgical processes (Meshram et al., 2014).
ue to its complexity and economic benefits, recycling of waste LiBs is minimal, i.e. only 5% of the total LiBs generated
Harper et al., 2019). Hence, several lab-scale investigations on recovering cobalt and lithium from LiBs utilizing industrial
cids such as sulphuric acid, nitric acid, and hydrochloric acid have been reported to address the drawbacks (Tanong et al.,
016; Boxall et al., 2018; Guo et al., 2018; Sethurajan et al., 2019; Lin et al., 2021). However, these acids could cause
econdary pollution by releasing toxic gases during the leaching process in addition to polluting wastewater streams
y increasing their acidity. Hence, the focus of this research is on recovering cobalt using mild amino acids like glycine
hich have no reported pollution concerns. There are very few studies that report the Co hydrometallurgy from spent LiBs
sing unconventional mild acids (Li et al., 2013; Nayaka et al., 2016). But most of those studies employed the commonly
sed one factor at a time (OFAT) approach. This method neglects the interaction of the factors when they are changed
imultaneously (Golmohammadzadeh et al., 2017). Response surface methodology (RSM) approach is useful to not only
educe the optimal conditions but also instrumental to understand the interaction between the process variables. There
re a lot of instances where the selective recovery of the soluble Co from the industrial acid leachates have been reported
Shuva and Kurny, 2013; Torkaman et al., 2017). However, the recovery of the dissolved Co from the amino acid leachates
re still not well understood.
In the present study, Co hydrometallurgy using glycine as the lixiviant and oxalic acid as the recovery agent from waste

i ion batteries were investigated. The main objective of this study was to study the Co leaching characteristics and the
ffect and interaction of different leaching parameters on the leachability of Co from LiBs. The leaching process parameters
uch as (i) glycine concentration (0.3–1.0 M), (ii) pulp density (20–40 g/L) and (iii) temperature (40–85 ◦C) were optimized
or the maximum Co leaching. This study also tested the effectiveness of Co-oxalate precipitation to selectively recover
o from the poly metallic leachate.

. Materials and methods

.1. LiBs samples and pre-treatment

Mobile phone batteries (Li ion batteries) were procured from SIMS recycling solutions, based in Eindhoven, the
etherlands. The batteries were immersed in sodium chloride solution (5% wt.) for a period of 30 min (He et al., 2016). This
nsured that the batteries were completely discharged, and also reduced the likelihood of a short circuit occurring. The
atteries were dismantled using screwdrivers, pliers with necessary safety gears such as safety glasses, gas masks, nitrile
loves and lab coat. All the dismantling operations were undertaken in the fume hood with extreme care. The cathode
aterial (black colour) which is attached to the aluminium film was separated from polyvinylidene fluoride (PVDF) and
raphite anode
anually.
The cathodic material obtained post dismantling had an approximate dimension of 12 mm × 12 mm. Hence it was

ecessary to reduce the size of the particles at least to a size of 3 mm × 3 mm (Badawy et al., 2013; Nayaka et al.,
016). The dismantled samples were size reduced using a household grinder. Water was used as the cooling agent to
void overheating of the grinder. The wet sample generated post grinding was incubated at a temperature of 105 ◦C for
period of 24 h. The sample was weighed before and after drying to check for loss in weight of the sample. The post
ried sample was calcinated in a furnace (Thermo scientific M110 muffle furnace, The Netherlands) at a temperature of
00 ◦C for 4 h (Zheng et al., 2016). This was done to assure the combustion of PVDF and any other contaminants in the
ample and to improve cobalt recovery from the sample. This pre-treated sample was used for performing the leaching
xperiments.
2
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Table 1
Coded levels and range of leaching variables for the RSM-CCD experimental design.
Sl. No. Parameters −α −1 0 1 +α

1 Temperature (◦C) 25 40 63 85 100
2 Pulp density (g/L) 13 20 30 40 46
3 Glycine concentration (M) 0.06 0.3 0.65 1 1

2.2. Leaching experiments

All the experiments were conducted in a temperature-controlled water bath, at 150 rpm. The experiment was
onducted in 100 mL Erlenmeyer flasks which were sealed with a rubber cork to avoid any moisture or water intrusion
rom the water bath. All the leaching experiments were conducted using 25 mL of the leaching medium. Glycine was used
s the lixiviant. Hydrogen peroxide (5%) was added to the lixiviant in all the experiments. Prior optimization studies,
preliminary experiment was conducted to ascertain the optimal leaching time for the dissolution of Co under fixed
perating conditions (temperature: 62.5 ◦C, pulp density: 30 g/L, glycine concentration: 0.65 M).

2.3. Optimization of the leaching parameters using response surface methodology

Response surface methodology (RSM) was used for designing the experiments instead of the traditional one factor at a
time approach. The factors considered were temperature (40–85 ◦C), pulp density (20–40 g/L) and glycine concentration
0.3–1.0 M). The experiment design was generated by the MINITAB 18 (USA) software. A full factorial central composite
esign (CCD) (face centred, unblocked) was used. Table 1 presents the generated coded levels and range of leaching
ariables for the experimental design.
Further leaching experiments were also conducted at the optimum conditions based on the results of experimental

esign. Another leaching study was conducted to determine the effect of pH control on the leaching of Co from LiBs at
he following conditions, temperature: 100 ◦C, pulp density: 13.8 g/L and glycine concentration: 1.24 M.

.4. Selective recovery of cobalt from the leachate

Cobalt oxalate precipitation experiments were conducted using oxalic acid as the precipitating agent. The initial pH
nd molar ratio of the precipitating agent (oxalic acid) to cobalt were chosen as the important parameters to be optimized
or maximum Co recovery. The leachate was centrifuged to separate the impurities from the supernatant. The precipitate
as filtered using 0.45 µm filter paper and the cobalt content of the supernatant was measured. The pH of the solution
as adjusted using 1 M HCl for pH values lower than 7.0 and using 0.5 M NaOH for pH 8.0. After determining the optimal
H value for the precipitation, the next step was to determine the optimal molar ratio. In order to determine the optimum
H, the precipitation experiments were conducted at a constant molar ratio (1:1) and by varying the pH (pH 4.0, 5.0, 6.0,
.0 and 8.0). The molar ratio was defined as the ratio of the moles of oxalic acid used to the number of moles of cobalt
ons in the solution. After determining the optimum pH value where the extraction is maximum, the molar ratio was
nvestigated at ratios of 2:1, 3:1 and 4:1.

.5. Analytical methods

Scanning electron microscopy (SEM) analysis of the sample was done using JEOL JSM-6010LA (Japan). Atomic
bsorption spectrometer (Perkin Elmer Aanalyst 200, USA) was used for the quantitative analysis of all the metals present
n the sample. A Hach DR/890 colorimeter (USA) was used for measuring the total aluminium content.

.6. Statistical analysis

The leaching and recovery studies were conducted in triplicate, and the mean value and standard deviations are
isplayed in the figures. In this study, 2-way ANOVA and Pareto effect analysis of the experimental data was performed.
he P-value and F-value of the experimental data was checked, and the significance of the parameters were established
y comparing their standardized effect values.

. Results

.1. Total metal characterization of the cathodic materials (LiBs)

The results of the total metal characterization of the LiBs sample are mentioned in Table 2. The spent LiBs contain
very high concentration of Al (55%) Co (30%) and minor amounts of Li (5%) and Ni (4%) and trace amounts of Fe. The

otal metal content of the sample was 991.9 ± 54.39 mg/g of cathodic sample, which suggests the presence of impurities
despite performing the calcination step. The high aluminium content in the samples can be explained by the ineffective
separation of the residual aluminium foil from rest of the cathodic material.
3
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Table 2
Bulk chemical composition of the investigated LiBs.
Metal Concentration (mg/g)

Cobalt 298.48 ± 23.72
Aluminium 557.58 ± 28.27
Lithium 50.70 ± 1.99
Nickel 3.82 ± 0.36
Iron 0.41 ± 0.05

Fig. 1. Effect of glycine concentration on the leaching rate of Co from spent LiBs (experimental conditions: temperature: 62.5 ◦C, pulp density: 30
/L, glycine concentration: 0.65 M).

Table 3
ANOV results from the data of the RSM-CCD experiments.
Parameter F-value P-value Note

Temperature (◦C) 0.27 0.616
Pulp density (g/L) 27.92 <0.05 Significant
Glycine concentration (M) 3.68 0.084

Squared effects
Temperature (◦C) × Temperature (◦C) 8.62 0.015 Significant
Pulp density (g/L) × Pulp density (g/L) 7.58 0.020 Significant
Glycine concentration (M) × Glycine concentration (M) 1.21 0.297

2-Way interaction
Temperature (◦C) × Pulp density (g/L) 1.30 0.280
Temperature (◦C) × Glycine concentration (M) 0.70 0.422
Pulp density (g/L) × Glycine concentration (M) 0.29 0.599

3.2. Leachability of Co from LiBs

3.2.1. Optimum time for Co leaching
The results of the preliminary leaching study are shown in Fig. 1. The results reveal that the maximum leaching of Co

rom the LiBs can be obtained within 120 min. However, beyond 120 min, a decrease in the soluble concentration of Co
as observed. Hence, 120 min was chosen as the optimum leaching time for further RSM experiments.

.2.2. Optimization of the leaching parameters
Table 3 summarizes the effects and interaction of the process variables. Table 3 clearly shows that the pulp density is

he statistically significant parameter for the leaching of Co from LiBs. The squared effects of the temperature and pulp
ensity were also statistically significant for the Co leaching. However, the interaction between the process parameters
temperature, pulp density and glycine concentration) were to be found insignificant.

The main effects plot (Figure S2 of the supplementary material) further reveals that pulp density is the most influential
arameter affecting the leachability of Co from LiBs. When the pulp density was low (i.e. 10 g/L), the leaching efficiency
as high and when the pulp density was 40 g/L, the Co leaching efficiency decreased significantly. Concerning the
oncentration of glycine, the Co leaching trend was contrast to the effect observed in the case of pulp density. Generally,
n increase in the glycine concentration results in an increase in the Co leaching efficiency.
4
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Table 4
Composition of the Co-oxalate precipitate.
Metal Concentration (mg/g)

Cobalt 480.00 ± 24.49
Aluminium 23.33 ± 1.88
Lithium 24.67 ± 1.89

3.2.3. Contour plots
The results from Pareto (Fig. S1) and ANOVA analysis (Table 3) show that the pulp density (F = 27.92; P < 0.001) is the

most influential factor affecting Co leaching followed by the glycine concentration (F = 3.68; P ≥ 0.05) and temperature
(F = 0.27; P ≥ 0.05). Among the interaction effects between the parameters, none of the interactions were statistically
significant because of their high P values (>0.1). As shown in Fig. 2a, at a constant glycine concentration of 0.65 M,
increasing the values of both temperature and pulp density from low to high levels, decreased the amount of Co leached.
However, at a constant temperature of 65 ◦C, the maximum amount of Co leached was observed at the highest level of
glycine concentration and the lowest pulp density (Fig. 2b). Similarly, at a constant pulp density of 30 mg/L, the amount
of Co leached was the highest at low temperature and high glycine concentration (Fig. 2c). These results clearly show that
the optimum conditions of the process parameters were not within the range of experimental conditions tested in this
study. Nevertheless, maximum Co leaching (∼160–260 mg/g) was achieved at either high or low values of the process
parameters, while at their respective intermediate levels, the Co leaching was found to be the lowest (∼<55 mg/g).

3.2.4. Co leaching under the optimum conditions
Fig. 3 shows the amount of Co leached from LiBs under the computed optimum conditions, i.e. Temperature: 74 ◦C,

pulp density: 19.9 and g/L, glycine concentration: 0.94 M. It can be seen that a maximum of 180 mg/g of Co can be
leached at the optimum conditions. However, it can also be observed, that after 120 min, the soluble Co concentration in
the leachate starts to decrease.

3.2.5. Effect of pH control on the Co dissolution
The effects of the uncontrolled and controlled pH of the glycine leachate is shown in Fig. 4a and b. The results shown

in Fig. 4a confirms that, when the pH is uncontrolled, the soluble Co concentration decreases after a threshold value
(approximately 250 mg/g or 89% of total Co and pH 7.0–7.5). From Fig. 4b, it is evident that when the pH is controlled
(using HCl) during leaching, the decrease in the soluble Co concentration can be overcome. It is evident from Fig. 4a and
b that the pH of the leaching system is an important factor for the solubility of Cobalt.

3.3. Recovery of Co from the glycine mediated LiBs-leachates

The effect of the initial pH on the Co-oxalate precipitation by oxalic acid is shown in Fig. 5a. The effect of molar ratio of
oxalic acid to dissolved Co concentration on the Co-oxalate precipitation is shown in Fig. 5b. It can be noted from Fig. 5a
that the pH is an important parameter for the Co-oxalate precipitation from the LiB leachates. For instance, when the
initial pH is in the mild acidic range (pH 4.0–6.0), the precipitation is low (45%–50%). However, when the initial pH is in
the neutral to mild alkaline range (pH 7.0–8.0), the Co precipitation efficiency increased from 50% to 65%. Therefore, pH
7.0 was selected for further precipitation studies. It is evident from Fig. 5b that the ratio of the dosage of oxalic acid to
soluble Co concentration is another important factor for the Co precipitation from LiB leachates. In this study, oxalic acid
to dissolved Co molar ratios of 1:1, 2:1, 2.5:1, 3:1 and 4:1 were investigated. The results revealed that at a molar ratio of
1:1, the precipitation was as low as 60%. However, when the molar ratio was maintained at 2:1, 2.5:1, 3:1 and 4:1, the
precipitation efficiency ranged between 85 and 90%. At a molar ratio of 2.5:1 of oxalic acid to dissolved Co concentration,
a maximum of 88% of soluble Co was precipitated from the LiB leachates. The composition of the Co-oxalate precipitation
is displayed in Table 4.

4. Discussion

4.1. Spent lithium ion batteries, a potential resource of Co

This study shows that spent LiBs can be used as a potential resource of critical metals, particularly Co. These waste
LiBs can be hydrometallurgically reprocessed to produce Co and thereby, the depletion of natural resources of Co can be
resolved to some extent. It can be noted that the spent LiBs contain 298 mg/g of Co, which is in line with the values
reported in the literature (Heydarian et al., 2018). On the other hand, cobalt is not evenly dispersed geologically and is
also found in very low concentrations in the Earth’s crust (Junhui and Yushu, 2020; Sethurajan and Gaydardzhiev, 2021).
Only a minimum of Co (2%) is produced from independent Co mines and a recent data from China mining federation states
that Co will be one of the nine seriously endangered metals in the near future (Junhui and Yushu, 2020). This problem
5
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v

Fig. 2. Contour plots for the optimization of Co leaching from spent LiBs as a function of: (a) pulp density vs. temperature, (b) glycine concentration
s. pulp density and (c) glycine concentration vs. temperature.
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Fig. 3. Co leaching rate from the spent LiBs using glycine (optimum experimental conditions: temperature - 74 ◦C, pulp density - 19.9 g/L and
lycine concentration - 0.94 M).

Co primary reserves shortage) can be addressed by proper recycling of LiBs because it contains 30% by weight of Co per
ram of waste LiBs. Apart from Co, Li is also seen in significant concentration along with Al and Ni.
The results of this study showed that more than 60% of Co can be leached by amino acid i.e. glycine, under optimum

onditions of temperature: 74 ◦C, pulp density: 19.9 g/L and glycine concentration: 0.94 M. Furthermore, a maximum of
8% Co can be recovered as Co-oxalate from the glycine mediated LiB leachates (Fig. 6). The results of this study in terms
f leaching and recovery efficiency, are comparable to the previous studies (Chen et al., 2011; Nayaka et al., 2016; Chen
t al., 2021). The Co-oxalate can be used as a precursor for the production of cathode active materials (LiCoO2) of LiBs
Nayaka et al., 2016).

.2. Glycine mediated leaching of Co from LiBs

The leaching of Co from LiBs can be explained using Eqs. (1)–(3):

NH2 − CH2 − COOH→NH2 − CH2 − COO−
+ H+ (1)

2(NH3 − CH2 − COOH) + Co3+
+ 1/2H2O2→(NH3 − CH2 − COO)2Co + 3H+

+ 1/2O2 (2)

12NH2 − CH2 − COOH + 4LiCoO2→4(NH2 − CH2 − COO)2Co + 4NH2 − CH2 − COOLi + 6H2O + O2 (3)

Nayaka et al. (2016) also investigated and reported the leachability of Co from LiBs using glycine containing lixiviant
olution. It was noted that 0.5 M of glycine (in combination with ascorbic acid) was able to leach more than 95% of Co
rom LiBs, which is almost half of the glycine concentration used in this study (Table 5). This could be because of the lower
ulp density used by Nayaka et al. (2016), i.e. 2 g/L, which is 10 times lower than the pulp density reported in this study
20 g/L). Nayaka et al. (2016) also used ascorbic acid (0.2 M) in combination with glycine to achieve the high leaching
fficiency (95%). Chen et al. (2021), investigated the leaching efficiency of glycine lixiviant (in combination with H2O2) and
t was reported that very high concentration of glycine (4 M) could leach more than 95% of Co from LiBs (temperature:
0 ◦C, pulp density: 10 g/L, time: 7 h) (Table 5). The leaching efficiency achieved by Chen et al. (2021) is also higher than
he efficiency reported in this study (Table 5). This is also because of the different leaching conditions employed by Chen
t al. (2021), i.e. 4 times higher glycine concentration and 2 times lesser solid to liquid (S/L) ratio compared to this study
Table 5).

Pulp density and temperature generally play an important role in the leaching of metals from primary ores or waste
aterials. An increase in pulp density results in a decrease in the unit volume of lixiviant per unit volume of material to
e leached and it also results in an increase in the system pH. The system pH is an important parameter for the leaching
f Co, because the dissolved Co was observed to decrease at higher pH in the pH uncontrolled systems (Fig. 4a). The
emperature (74 ◦C) reported in this study is comparable to that of the temperature (80 ◦C) reported in Nayaka et al.
2016) and Chen et al. (2021) (Table 5). The statistical analysis of the optimization studies also supported the fact that
ulp density and temperature are the most important parameters that influence the amount of Co that can be leached
rom the LiBs.

Apart from glycine, there are few studies that have reported the use of amino acids such as aspartic acid (Li et al., 2013)
nd iminodiacetic acid (Nayaka et al., 2016). A maximum of 60% Co was leached by 1.5 M aspartic acid at a S/L ratio of 10
/L within 2 h (Li et al., 2013). The leaching efficiency of Co from LiBs by aspartic acid (60%) is comparable to the leaching
fficiency reported in this study. Co dissolution from LiBs by organic acids like citric (Golmohammadzadeh et al., 2017,
7
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Fig. 4. Leaching rate of Co from LiBs: (a) uncontrolled pH and (b) controlled pH (experimental conditions: temperature - 100 ◦C, pulp density - 13.8
/L and glycine concentration - 1.24 M).

018), malic (Li et al., 2013), Succinic (Li et al., 2015) and oxalic acids (Zeng et al., 2015) are higher when compared to the
eaching efficiency of amino acids such as glycine and aspartic acid. This is due to the fact that the sequence of organic
cids has a higher acidity than the sequence of amino acids (Li et al., 2013).

.3. Selective Co recovery from glycine mediated LiB leachates

This study demonstrated that more than 75% of dissolved Co can be precipitated from the LiBs mainly as Co-oxalate
Fig. 6). LiBs can thus be seen as an important secondary resource for Co. The Co-oxalate precipitation from leachates can
e explained by Eq. (4):

Co2+
+ C2O4(aq)

2−
+ 2H2O → CoC2O4·2H2O(s) (4)

The precipitation of metal ions from leachates is pH dependent (Lewis, 2010). It can be observed from Fig. 5a that
o oxalate precipitation is higher in the mild alkaline pH range (pH 7.0–8.0) when compared to the mild acidic pH
ange (pH 4.0–6.0). For the selective precipitation of metals, it is also crucial to examine the molar ratio between the
recipitating agent and the concentration of the target metal (Chen et al., 2011; Nayaka et al., 2016). It can be seen
8
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f
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2
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Fig. 5. Effect of: (a) initial pH and (b) molar ratio of oxalic acid to dissolved Co concentration on Co-oxalate precipitation from LiB leachates.

Fig. 6. Schematic of the hydrometallurgical flow chart for the selective recovery of Co from spent LiBs.

rom Fig. 5b, more than 75% of Co can be precipitated from the LiB leachate at a molar ratio of 2.5:1.0. Nayaka et al.
2016) demonstrated the selective Co recovery from glycine mediated leaching of LiBs; however, their study did not
nvestigate the effect of molar ratio of precipitating agent (oxalic acid) to the dissolved Co concentration (Nayaka et al.,
016) (Table 4). Chen et al. (2011) demonstrated a process for the selective recovery of Co (Co-oxalate) from LiBs via
lkaline leaching followed by roasting and reductive acid leaching and finally precipitation using ammonium oxalate. The
9
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Table 5
Comparison of the results of this study with other amino acid-based studies.
Li battery
type

Leaching agent
used

Reducing
agent

Optimum leaching conditions Leaching
efficiency (%)

Recovery from the
pregnant leachates (%)

References

Temperature
(◦C)

Pulp density
(g/L)

Time
(min)

Laptop
batteries

1.5 M
Aspartic acid
(C4H7NO4)

4% H2O2 NA 10 120 60 Not studied Li et al.
(2013)

Mobile
phone
batteries

0.1 M
Iminodiacetic
acid
(C4H7NO4)

0.02 M
ascorbic
acid

80 2 360 91 Oxalic acid
precipitation was
attempted but no other
details were mentioned

Nayaka
et al.
(2016)

Mobile
phone
batteries

0.5 M
Glycine
(C2H5NO2)

0.02 M
ascorbic
acid

80 2 360 95 Oxalic acid
precipitation was
attempted but no other
details were mentioned

Nayaka
et al.
(2016)

Not
mentioned

4 M
Glycine
(C2H5NO2)

10%
H2O2

80 10 420 97 Not studied Chen et al.
(2021)

Mobile
phone
batteries

1.24 M
Glycine
(C2H5NO2)

5% H2O2 100 13.8 120 89 88% using ammonium
oxalate precipitation at
2.5:1 molar ratio

This study

Note: *NA – not available.

study showed that 1.15:1 is the optimum molar ratio of ammonium oxalate to Co. It is noteworthy to mention that, the
leachate was earlier subjected to the removal of impurities (by pH adjustment using NaOH) and solvent extraction prior
to oxalate precipitation (Chen et al., 2011). Bulk chemical analysis of the precipitates reveal that Co ions form the bulk
of the particle (56%). Trace amounts of Al and Li co-precipitation were also observed in the precipitates. The precipitates
could be in the form of Co-oxalate (Nayaka et al., 2016); however, mineralogical characteristics of the precipitates were
not studied by the authors.

4.4. Future research prospects

This study demonstrated that both the leaching of cobalt and the selective recovery of cobalt from LiBs is technically
easible. However, additional rigorous laboratory experiments are required before deploying the technology at a larger
cale or for commercial purposes. Prior to the actual leaching and recovery stage, pretreatment of the waste batteries
hould be carried out in order to achieve an efficient Co hydrometallurgy process. For example, a simpler, yet effective
retreatment technique (mix of physical and thermal treatments) might be preferable to chemical treatment (e.g. N-
ethyl-2-Pyrrolidone, NMP). It is critical that, during the pretreatment stage, no intrinsic metal values are lost but only

mpurities (aluminium and anode materials) and harmful pollutants are removed (e.g. PVDF and electrolytes). The results
f this study indicate that glycine-mediated leaching is successful at removing Co from waste LiBs and that temperature
nd pulp density have a significant effect on Co leaching. However, a second level optimization research utilizing a
esponse surface methodology - central composite design (RSM - CCD) with a broader process parameter range is needed
n order to determine the optimum values for maximum Co leaching. This study sought and optimized the selective
ecovery of Co using oxalic acid. The results indicate that a significant amount (>75%) of the dissolved Co may be
ecovered selectively from pregnant leachates. As a follow-up, the mineralogy of the precipitates can be examined, as
ell as the process optimization necessary to precipitate the desired size particles. It will be interesting to conduct a

easibility study on the usage of the precipitates (Co-oxalate) in the production of new Li ion batteries. Before beginning
ndustrial applications, a techno-economic study integrating the inherent metal values of the waste LiBs, the materials
ost and energy required for the hydrometallurgical process, and the resale values of the precipitates would be necessary.

. Conclusions and recommendations

The results of this study show that the critical metal (Co) can be leached and recovered from the end-of-life lithium
on batteries (LiBs). The spent LiBs contain a substantial concentration of critical metals like Co and Li. Pre-treatment
echniques like separation of impurities and contaminants from the cathodic material could facilitate the extraction of
he desired metal (Co). The study proved that high concentration of Co (89%) can be leached from the cathodic materials
f LiBs, using mild amino acid like glycine under optimum leaching conditions. Pulp density and temperature are the
ignificant parameters for the leaching of Co from LiBs (among the investigated variables). The dissolved Co present in
10
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the glycine leachates can be recovered using suitable precipitating agent such as oxalic acid in the form of Co-oxalate
precipitate, which can be used to produce new LiBs.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have
ppeared to influence the work reported in this paper.

cknowledgement

The authors would like to thank the European Union’s Seventh Framework Programme for funding this research on
echnological development and demonstration under the grant agreement no 606838.

ppendix A. Supplementary data

Supplementary material related to this article can be found online at https://doi.org/10.1016/j.eti.2022.102915.

eferences

adawy, S.M., Nayl, A.A., El-Khashab, R.A., El-Khateeb, M.A., 2013. Cobalt separation from waste mobile phone batteries using selective precipitation
and chelating resin. J. Mater. Cycles Waste Manag. 16, 739–746. http://dx.doi.org/10.1007/s10163-013-0213-y.

edekovic, G., Tenjer, D., 2021. Influence of independent variables on recovering electrode material from lithium-ion batteries via attrition scrubbing.
Environ. Technol. Innov. 24, 101836.

innemans, K., Jones, P.T., Blanpain, B., Van Gerven, T., Yang, Y., Walton, A., Buchert, M., 2013. Recycling of rare earths: a critical review. J. Cleaner
Prod. 51, 1–22. http://dx.doi.org/10.1016/j.jclepro.2012.12.037.

oxall, N.J., Adamek, N., Cheng, K.Y., Haque, N., Bruckard, W., Kaksonen, A.H., 2018. Multistage leaching of metals from spent lithium ion battery
waste using electrochemically generated acidic lixiviant. Waste Manag. 74, 435–445. http://dx.doi.org/10.1016/j.wasman.2017.12.033.

hen, L., Tang, X., Zhang, Y., 2011. Process for the recovery of cobalt oxalate from spent lithium-ion batteries. Hydrometallurgy 16, 443–450.
http://dx.doi.org/10.1016/j.hydromet.2011.02.010.

hen, M., Wang, R., Qi, Y., Han, Y., Wang, R., Fu, J., Meng, F., Yi, X., Huang, J., 2021. Cobalt and lithium leaching from waste lithium ion batteries by
glycine. J. Power Sources 482, 228942. http://dx.doi.org/10.1016/j.jpowsour.2020.228942.

houbey, P.K., Kim, M.S., Srivastava, R.R., 2016. Advance review on the exploitation of the prominent energy-storage element: Lithium. Part I: From
mineral and brine resources. Min. Eng. 110, 104–121. http://dx.doi.org/10.1016/j.mineng.2016.01.010.

ehaine, Q., Tijsseling, L.T., Glass, H.J., Törmänen, T., Butcher, A.R., 2021. Geometallurgy of cobalt ores: A review. Min. Eng. 160, 106656. http:
//dx.doi.org/10.1016/j.mineng.2020.106656.

himan, S., Gupta, B., 2021. Co3O4 nanoparticles synthesized from waste Li-ion batteries as photocatalyst for degradation of methyl blue dye. Environ.
Technol. Innov. 23, 101765.

Gaines, L., 2018. Lithium-ion battery recycling processes: Research towards a sustainable course. Sustain. Mater. Technol. 17, e00068.
Golmohammadzadeh, R., Faraji, F., Rashchi, F., 2018. Recovery of lithium and cobalt from spent lithium ion batteries (LIBs) using organic acids as

leaching reagents: A review. Resour. Conserv. Recy. 136, 418–435. http://dx.doi.org/10.1016/j.resconrec.2018.04.024.
Golmohammadzadeh, R., Rashchi, F., Vahidi, E., 2017. Recovery of lithium and cobalt from spent lithium-ion batteries using organic acids: Process

optimization and kinetic aspects. Waste Manag. 64, 244–254. http://dx.doi.org/10.1016/j.wasman.2017.03.037.
Guo, Y., Li, Y., Lou, X., 2018. Improved extraction of cobalt and lithium by reductive acid from spent lithium-ion batteries via mechanical activation

process. J. Mater. Sci. 22, 2274–2281. http://dx.doi.org/10.1007/s10853-018-2229-0.
Harper, G., Sommerville, R., Kendrick, E., Driscoll, L., Slater, P., Stolkin, R., Walton, A., Christensen, P., Heidrich, O., Lambert, S., Abbott, A., Ryder, K.,

Gaines, L., Anderson, P., 2019. Recycling lithium-ion batteries from electric vehicles. Nature 575 (7781), 75–86. http://dx.doi.org/10.1038/s41586-
019-1682-5.

He, L.P., Sun, S.Y., Mu, Y.Y., 2016. Recovery of lithium, nickel, cobalt, and manganese from spent lithium-ion batteries using L-tartaric acid as a
leachant. ACS Sustain. Chem. Eng. 6 (11), 13611–13627. http://dx.doi.org/10.1021/acssuschemeng.6b02056.

Heydarian, A., Mousavi, S.M., Vakilchap, F., Baniasadi, M., 2018. Application of a mixed culture of adapted acidophilic bacteria in two-step bioleaching
of spent lithium-ion laptop batteries. J. Power Sources 378, 19–30. http://dx.doi.org/10.1016/j.jpowsour.2017.12.009.

Jha, M.K., Kumari, A., Jha, A.K., 2013. Recovery of lithium and cobalt from waste lithium ion batteries of mobile phone. Waste Manag. 33 (9),
1890–1897. http://dx.doi.org/10.1016/j.wasman.2013.05.008.

Junhui, X., Yushu, Z., 2020. Extraction of cobalt and iron from refractory co-bearing sulfur concentrate. Processes 8 (2), 200. http://dx.doi.org/10.
3390/pr8020200.

Karnchanawong, S., Limpiteeprakan, P., 2009. Evaluation of heavy metal leaching from spent household batteries disposed in municipal solid waste.
Waste Manag. 29 (2), 550–558. http://dx.doi.org/10.1016/j.wasman.2008.03.018.

Kopacek, B., 2013. Mobile hydrometallurgy to recover rare and precious metals from WEEE. In: IFAC Proceedings Volumes (IFAC-PapersOnline). pp.
5–9. http://dx.doi.org/10.3182/20130606-3-XK-4037.00029.

Lewis, A.E., 2010. Review of metal sulphide precipitation. Hydrometallurgy 104 (2), 222–234. http://dx.doi.org/10.1016/j.hydromet.2010.06.010.
Li, L., Dunn, J.B., Zhang, X.X., Gaines, L., Chen, R.J., Wu, F., Amine, K., 2013. Recovery of metals from spent lithium-ion batteries with organic acids

as leaching reagents and environmental assessment. J. Power Sources 233, 180–189. http://dx.doi.org/10.1016/j.jpowsour.2012.12.089.
Li, L., Qu, W., Zhang, X., Lu, J., Chen, R., Wu, F., Amine, K., 2015. Succinic acid–based leaching system: a sustainable process for recovery of valuable

metals from spent Li-ion batteries. J. Power Sources 282, 544–551. http://dx.doi.org/10.1016/j.jpowsour.2015.02.073.
Lin, L., Lu, Z., Zhang, W., 2021. Recovery of lithium and cobalt from spent lithium-ion batteries using organic aqua regia (OAR): Assessment of

leaching kinetics and global warming potentials. Resour. Conserv. Recy. 167, 105416. http://dx.doi.org/10.1016/j.resconrec.2021.105416.
Meshram, P., Pandey, B.D., Mankhand, T.R., 2014. Extraction of lithium from primary and secondary sources by pre-treatment, leaching and separation:

A comprehensive review. Hydrometallurgy 150, 192–208.
Meshram, P., Pandey, B.D., Mankhand, .T.R., 2015. Recovery of valuable metals from cathodic active material of spent lithium ion batteries: Leaching

and kinetic aspects. Waste Manag. 45, 306–313. http://dx.doi.org/10.1016/j.wasman.2015.05.027.
11

https://doi.org/10.1016/j.eti.2022.102915
http://dx.doi.org/10.1007/s10163-013-0213-y
http://refhub.elsevier.com/S2352-1864(22)00338-8/sb2
http://refhub.elsevier.com/S2352-1864(22)00338-8/sb2
http://refhub.elsevier.com/S2352-1864(22)00338-8/sb2
http://dx.doi.org/10.1016/j.jclepro.2012.12.037
http://dx.doi.org/10.1016/j.wasman.2017.12.033
http://dx.doi.org/10.1016/j.hydromet.2011.02.010
http://dx.doi.org/10.1016/j.jpowsour.2020.228942
http://dx.doi.org/10.1016/j.mineng.2016.01.010
http://dx.doi.org/10.1016/j.mineng.2020.106656
http://dx.doi.org/10.1016/j.mineng.2020.106656
http://dx.doi.org/10.1016/j.mineng.2020.106656
http://refhub.elsevier.com/S2352-1864(22)00338-8/sb9
http://refhub.elsevier.com/S2352-1864(22)00338-8/sb9
http://refhub.elsevier.com/S2352-1864(22)00338-8/sb9
http://refhub.elsevier.com/S2352-1864(22)00338-8/sb10
http://dx.doi.org/10.1016/j.resconrec.2018.04.024
http://dx.doi.org/10.1016/j.wasman.2017.03.037
http://dx.doi.org/10.1007/s10853-018-2229-0
http://dx.doi.org/10.1038/s41586-019-1682-5
http://dx.doi.org/10.1038/s41586-019-1682-5
http://dx.doi.org/10.1038/s41586-019-1682-5
http://dx.doi.org/10.1021/acssuschemeng.6b02056
http://dx.doi.org/10.1016/j.jpowsour.2017.12.009
http://dx.doi.org/10.1016/j.wasman.2013.05.008
http://dx.doi.org/10.3390/pr8020200
http://dx.doi.org/10.3390/pr8020200
http://dx.doi.org/10.3390/pr8020200
http://dx.doi.org/10.1016/j.wasman.2008.03.018
http://dx.doi.org/10.3182/20130606-3-XK-4037.00029
http://dx.doi.org/10.1016/j.hydromet.2010.06.010
http://dx.doi.org/10.1016/j.jpowsour.2012.12.089
http://dx.doi.org/10.1016/j.jpowsour.2015.02.073
http://dx.doi.org/10.1016/j.resconrec.2021.105416
http://refhub.elsevier.com/S2352-1864(22)00338-8/sb25
http://refhub.elsevier.com/S2352-1864(22)00338-8/sb25
http://refhub.elsevier.com/S2352-1864(22)00338-8/sb25
http://dx.doi.org/10.1016/j.wasman.2015.05.027


M. Sethurajan, M.G.P. Shirodker, E.R. Rene et al. Environmental Technology & Innovation 28 (2022) 102915

M

N

O

P

S

S

S

S

T

T

Y

Z

Z

Z

Mossali, E., Picone, N., Gentilini, L., Rodrìguez, O., Pérez, J.M., Colledani, M., 2020. Lithium-ion batteries towards circular economy: A literature review
of opportunities and issues of recycling treatments. J. Environ. Manag. 264, 110500. http://dx.doi.org/10.1016/j.jenvman.2020.110500.

ylarappa, M., Lakshmi, V., Venkata, Vishnu, Mahesh, K.R., 2017. Resource recovery and material characterization of metals from waste li-ion batteries
by an eco-friendly leaching agent. In: Materials Today: Proceedings. pp. 12215–12222. http://dx.doi.org/10.1016/j.matpr.2017.09.152.

ayaka, G.P., Pai, K.V., Santhosh, G., Manjanna, J., 2016. Recovery of cobalt as cobalt oxalate from spent lithium ion batteries by using glycine as
leaching agent. J. Environ. Chem. Eng. 4, 2378–2383. http://dx.doi.org/10.1016/j.jece.2016.04.016.

livetti, E.A., Ceder, G., Gaustad, G.G., Fu, X., 2017. Lithium-ion battery supply chain considerations: analysis of potential bottlenecks in critical metals.
Joule 1 (2), 229–243. http://dx.doi.org/10.1016/j.joule.2017.08.019.

ourret, O., Faucon, M.P., 2017. Cobalt. In: White, W. (Ed.), Encyclopedia of Geochemistry. In: Encyclopedia of Earth Sciences Series, Springer, Cham,
http://dx.doi.org/10.1007/978-3-319-39193-9_271-2.

aha, L., Kumar, V., Tiwari, J., Rawat, S., Singh, J., Bauddh, K., 2021. Electronic waste and their leachates impact on human health and environment:
Global ecological threat and management. Environ. Technol. Innov. 24, 102049.

ethurajan, M., Gaydardzhiev, S., 2021. Bioprocessing of spent lithium ion batteries for critical metals recovery - A review. Resour. Conserv. Recy.
165, 105225. http://dx.doi.org/10.1016/j.resconrec.2020.105225.

ethurajan, M., van Hullebusch, E.D., Fontana, D., Akcil, A., Deveci, H., Batinic, B., Leal, J.P., Gasche, T.A., Kucuker, M.Ali., Kuchta, K., Neto, I.F.,
Chmielarz, A., 2019. Recent advances on hydrometallurgical recovery of critical and precious elements from end of life electronic wastes - a
review. Crit. Rev. Environ. Sci. Technol. 49 (3), 212–275. http://dx.doi.org/10.1080/10643389.2018.1540760.

huva, M.A.H., Kurny, A., 2013. Hydrometallurgical recovery of value metals from spent lithium ion batteries. Am. J. Mater. Eng. Technol. 1 (1), 8–12.
http://dx.doi.org/10.12691/materials-1-1-2.

anong, K., Coudert, L., Mercier, G., Blais, J.F., 2016. Recovery of metals from a mixture of various spent batteries by a hydrometallurgical process. J.
Environ. Manag. 181, 95–107. http://dx.doi.org/10.1016/j.jenvman.2016.05.084.

orkaman, R., Asadollahzadeh, M., Torab-Mostaedi, M., Maragheh, M.Ghanadi., 2017. Recovery of cobalt from spent lithium ion batteries by using
acidic and basic extractants in solvent extraction process. Sep. Purif. Technol. 22, 2274–2281. http://dx.doi.org/10.1016/j.seppur.2017.06.023.

ang, Y., Xu, S., He, Y., 2017. Lithium recycling and cathode material regeneration from acid leach liquor of spent lithium-ion battery via facile
co-extraction and co-precipitation processes. Waste Manag. 64, 219–227. http://dx.doi.org/10.1016/j.wasman.2017.03.018.

eng, X., Li, J., Shen, B., 2015. Novel approach to recover cobalt and lithium from spent lithium-ion battery using oxalic acid. J. Hard Mater. 295,
112–118. http://dx.doi.org/10.1016/j.jhazmat.2015.02.064.

hao, Y., Pohl, O., Bhatt, A.I., Collis, G.E., Mahon, P.J., Rüther, T., Hollenkamp, A.F., 2021. A review on battery market trends, second-life reuse, and
recycling. Sustain. Chem. 2 (1), 167–205.

heng, Y., Long, H.L., Zhou, L., 2016. Leaching procedure and kinetic studies of cobalt in cathode materials from spent lithium ion batteries using
organic citric acid as leachant. Int. J. Environ. Res. 10 (1), 159–168. http://dx.doi.org/10.22059/ijer.2016.56898.
12

http://dx.doi.org/10.1016/j.jenvman.2020.110500
http://dx.doi.org/10.1016/j.matpr.2017.09.152
http://dx.doi.org/10.1016/j.jece.2016.04.016
http://dx.doi.org/10.1016/j.joule.2017.08.019
http://dx.doi.org/10.1007/978-3-319-39193-9_271-2
http://refhub.elsevier.com/S2352-1864(22)00338-8/sb32
http://refhub.elsevier.com/S2352-1864(22)00338-8/sb32
http://refhub.elsevier.com/S2352-1864(22)00338-8/sb32
http://dx.doi.org/10.1016/j.resconrec.2020.105225
http://dx.doi.org/10.1080/10643389.2018.1540760
http://dx.doi.org/10.12691/materials-1-1-2
http://dx.doi.org/10.1016/j.jenvman.2016.05.084
http://dx.doi.org/10.1016/j.seppur.2017.06.023
http://dx.doi.org/10.1016/j.wasman.2017.03.018
http://dx.doi.org/10.1016/j.jhazmat.2015.02.064
http://refhub.elsevier.com/S2352-1864(22)00338-8/sb40
http://refhub.elsevier.com/S2352-1864(22)00338-8/sb40
http://refhub.elsevier.com/S2352-1864(22)00338-8/sb40
http://dx.doi.org/10.22059/ijer.2016.56898

	Hydrometallurgical leaching and recovery of cobalt from lithium ion battery
	Introduction
	Materials and methods
	LiBs samples and pre-treatment
	Leaching experiments
	Optimization of the leaching parameters using response surface methodology
	Selective recovery of cobalt from the leachate
	Analytical methods
	Statistical analysis

	Results
	Total metal characterization of the cathodic materials (LiBs)
	Leachability of Co from LiBs
	Optimum time for Co leaching
	Optimization of the leaching parameters
	Contour plots
	Co leaching under the optimum conditions
	Effect of pH control on the Co dissolution

	Recovery of Co from the glycine mediated LiBs-leachates

	Discussion
	Spent lithium ion batteries, a potential resource of Co
	Glycine mediated leaching of Co from LiBs
	Selective Co recovery from glycine mediated LiB leachates
	Future research prospects

	Conclusions and recommendations
	Declaration of competing interest
	Acknowledgement
	Appendix A. Supplementary data
	References


