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Abstract

The necessity to preserve the environment and accomplish the rising demand for precious metals has made recycling of spent
lithium-ion batteries (LIBs) crucial for conducting business in a sustainable way. An eco-friendly leaching process using
ascorbic acid has been suggested in this work to leach critical metals from the spent calcined LIB sample. The optimum
leaching of Li (100%) and Co (99.8%) was achieved under optimal conditions, such as 0.8 mol/L ascorbic acid, 60 min of
leaching time, 70 °C temperature, and 50 g/L pulp density. To understand the leaching mechanism, detailed leaching kinetics
was addressed using several reaction models. In contrast to conventional solvent extraction methods, especially with regard
to environmental concerns, the undiluted green solvent Aliquat 336 has been employed in this work to separate critical
metals without the use of toxic diluents. The thiocyanate form of Aliquat 336 (Aliquat 336-SCN) was used for the selective
extraction of Co without the coextraction of Li. The extraction of cobalt reached 99.9% at 1:1 phase ratio and 2 stages of
counter-current extraction. Following the four stages of cross-current stripping with 2.5 mol/L KSCN at a 1/5 O/A ratio,

about 99.4% of Co was recovered.
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Introduction

The world is shifting toward sustainable energy rather than
non-renewable energy sources like petroleum and gas due
to the globe’s rising population [1]. Automobile companies
like Toyota and Volvo announced that by 2050 the mobilities
would be entirely or partly replaced by electrical vehicles [2,
3]. Electrification of all mobilities will require rechargeable
batteries and lithium-ion batteries (LIBs) in this category
which will earn the top position [4]. These batteries have
a higher specific energy density, longer life cycles, lower
self-discharge, and excellent safety performance [5, 6]. LIB
sales are anticipated to reach a global peak in 2030 and a
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total of 2731 gigawatt hours’ worth of LIBs are expected to
be commercially available in 2030. Figure 1 presented the
estimated LIB market penetration worldwide in 2020, with
projections for 2021-30 [7]. Due to the short lifespan of
LIBs, the significant growth in consumption of LIBs may
indicate that there will be a large quantity of trash in the
form of waste LIBs in the upcoming days [8]. By 2030, it
is forecasted that there would be more than 11 million tons
of spent LIBs globally [9]. There are more than 200 tons
of hazardous electrolytes and 1100 tons of heavy metals in
every 4000 tons of discarded LIBs [10]. Landfilling, stabi-
lization, and incineration of used LIBs are unacceptable for
environmental reasons as well as the loss of valuable raw
materials like lithium, cobalt, manganese, nickel, etc. [11].
Cathodic material recycling from waste LIBs is thus benefi-
cial for the supply of valuable natural resources as well as
the reduction of greenhouse gas emissions.

A variety of methods have been used to develop LIB recy-
cling, including pyrometallurgy, bio-hydrometallurgy, and
hydrometallurgy [12, 13]. The pyrometallurgical method
has the benefit of being straightforward and effective, but
it also requires a lot of energy, which makes it challeng-
ing to extract precious metals selectively. Additionally,
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Fig. 1 Estimated lithium-ion battery market penetration worldwide in
2020, with projections for 2021-30 [7]

the high-temperature smelting technique generates a lot of
toxic gases, which will severely impact the environment
[14]. On the other hand, hydrometallurgy is commonly used
in industrial sectors as an environmentally and economi-
cally compatible technique for extracting valuable metals
from discarded LIBs [15, 16]. Numerous studies have been
reported on the acid-leaching process of cobalt and lithium
using both mineral acids (such as HNO; [17], HCI [18],
H,SO, [19], and H;PO, [20]) and organic acids (such as
succinic acid [21], lactic acid [22] malic acid [23], ascorbic
acid [24], oxalic acid [25] and citric acid [26]). Accord-
ing to the reports, inorganic acids are effective leachants for
the separation of critical metal ions from waste LIBs. The
leaching process of the cathodic materials was accomplished
by Yang et al. using a solution of hydrogen peroxide and
sulfuric acid. Nearly 100% of Li, Co, and Ni were leached,
whereas manganese's leaching efficiency was 94.0% [27].
H,SO, was employed by Nayl et al. for the leaching of criti-
cal metals from a mixed LIB sample. Only 65% of Cu was
leached, compared to more than 97% of Li, Ni, Co, Al, and
Mn [28]. But, the leaching with inorganic acids leads to
environmental pollution because the leached waste gets into
the groundwater and soil that releases poisonous gases such
as SO;, NO,, Cl,, and HF [29]. In contrast to inorganic acids,
organic acids are more environmentally friendly. Addition-
ally, organic acids are easily biodegradable, rarely release
harmful emissions, and the waste generated by leaching is
simple to handle. Li et. al. reported that the cathodic mate-
rials were leached employing lactic acid and H,0,. The
percentage of leaching for cobalt, manganese, lithium, and
nickel were found to be 98.9%, 98.4%, 97.7%, and 98.2%,
respectively, under ideal conditions [30]. Malic acid was
used by Zhou et al. as a leachant and H,0, as a reductant,
and under optimal conditions, 98.13% of lithium and 98.86%
of cobalt were leached [31]. In another work, an NCM-type
battery sample was leached using citric acid and H,O, and
the leaching rates of Co, Li, Mn, and Ni, were 87%, 96%,
90.5%, and 93%, respectively [32]. According to a detailed
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literature review, both Co and Li are not efficiently leached
in the absence of a reductant, and for the leaching of both
metals, H,O, is the most efficient reducing agent [21, 33,
34]. However, since it is added to the acid solution as an
additional reagent, the addition of H,O, raises the expense
of the leaching process. The results need to be reconsidered
in order to improve the leaching efficiency with a lower acid
consumption and a higher S/L ratio owing to the higher acid
content and lower S/L ratio of the previous investigations.
Therefore, it is crucial to find a leaching method that con-
sumes less acid, operates under mild conditions, should be
cost-effective, and has little influence on the environment
while assuring good leaching efficiency [35]. Ascorbic acid
can be a choice for lixiviant as well as self-reductant due
to its ability to convert metal ions having higher oxidation
states to lower ones. Furthermore, the leaching of spent LIBs
with ascorbic acid adequate for critical metal selectivity
must not be overlooked.

After the leaching process, different separation techniques
have been studied to recover valuable metals from used LIBs
[36, 37]. In comparison to the other methods, the solvent
extraction method is becoming more efficient because of
its low cost, ease of operation, and environmental friendli-
ness [38]. Ionic liquids are safer and more environmentally
friendly alternative extractants in comparison to acidic,
basic, and neutral extractants [39-41]. For the selective
extraction of various metal ions from aqueous media, Bul-
gariu et al. developed an aqueous two-phase system of poly-
ethylene glycol/ammonia sulfate, with iodide as extracting
agent [42]. It has been reported in numerous investigations
that fluorinated or functionalized ionic liquids have been
utilized to remove metal ions from discarded LIBs [43, 44].
However, there are significant drawbacks with fluorinated
ionic liquids, such as the hazardous HF acid that is formed
when they are hydrolyzed [45]. Even if some non-fluorinated
hydrophobic ionic liquids, including Aliquat 336 [46],
Cyphos IL 101 [47], Cyphos IL 102 [48], and Cyphos IL 104
[49] have been employed to extract valuable metals, these
liquids are diluted with kerosene, cyclohexane, toluene, and
chloroform, etc. Diluents are employed to increase the flow
rate and reduce the ionic liquids' viscosity, however, it limits
the sustainability of the undiluted extractants which leads to
environmental pollution. So more research studies should be
emphasized the selective separation of critical metals with-
out the use of toxic diluents.

Using ascorbic acid as the reductant most of the stud-
ies reported the leaching of spent NCM, LCO, and mixed-
type batteries but using ascorbic acid as a primary leachant
limited research works have been performed specially for
waste LCO batteries. But, the precise leaching kinetics of
the method, as well as the distinct separation of Li and Co
from the leach solution were not investigated. As a result,
the current study covers an in-depth investigation of the
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leaching process and removal of essential metal ions from
spent LCO batteries. In this work, a completely sustain-
able attempt for the extraction of critical metals from the
spent calcined LIB sample employing ascorbic acid as a
self-reductant leaching agent is proposed. Several leaching
factors were investigated, including acid concentration, tem-
perature, pulp density (PD), and leaching time. By analyzing
the leaching kinetics, it was possible to ascertain the reaction
rate and the mechanism underlying the leaching method. The
selective extraction of Co and Li from the leach solution
using the undiluted thiocyanate form of Aliquat 336 (Ali-
quat 336-SCN) was investigated. McCabe—Thiele plot and
counter-current extractions were carried out for the complete
separation of the metals. Stripping studies of Co were also
analyzed from the loaded organic phase.

Experimental methods
Materials and reagents

From an authorized waste material provider, the pre-
treated waste LIB sample was collected. From Merck
Life Science Pvt., ascorbic acid (C4HgOg4) with a>99% of
purity was purchased. From Sigma Aldrich, trioctylmethyl-
ammonium chloride (Aliquat 336) was purchased. Similarly,
all additional chemicals were supplied by Merck and were
all of the analytical grades, including potassium thiocyanate
(KSCN) with a purity of >98%. Millipore water was used to
prepare all solutions.

Analytical methods

The treatment of the LIB sample was carried out in aqua
regia and tested using ICP-OES (inductively coupled plasma
optical emission spectrometry, iCAP PRO, Thermo sci-
entific) to determine the total metal concentrations in the
spent LIB sample. Before and after calcination and leach-
ing, the LIB samples were examined using XRD (X-ray
diffraction, of Rigaku Ultima IV), SEM (scanning electron
microscopy), and EDS (energy-dispersive X-ray spectros-
copy, EVO-18, Carl Zeiss). UV-Visible double beam spec-
trophotometer (Systronics, 2202) was used for the analysis
of Aliquat 336-SCN before and after extraction.

Leaching process

The waste LIB sample was leached using ascorbic acid in
a three-necked flat-bottomed flask (500 mL) fitted with a
magnetic stirrer, a vapor condenser, and a temperature moni-
tor. A specific amount of the LIB sample was measured as
solid agents while ascorbic acid solutions of varying con-
centrations were generated as the leaching agents. After the

leaching process, the mixture was separated through filtra-
tion. ICP-OES was used to determine the metal values that
were present in the leach solution. The following equation
(Eq. 1) was used to calculate the leaching efficiency for vari-
ous metals.

Leaching efficiency(%L)

_ Metal content in the leach solution
Total metal contents in aquaregia

x 100 @)

Extraction process

Shaking equal volumes of the organic and aqueous phases
in a Borosil separating funnel (Capacity 125 ml) for 15 min
at 30+ 0.5 °C was performed in the extraction trials. The
raffinate solution (aqueous phase) was collected after phase
separation, and the concentration of metal ions was meas-
ured. Equation 2 was used to estimate the distribution ratio
(D), and Eq. 3 was used to determine the extraction effi-
ciency (%E).
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where V,,=volume of aqueous phase solution, V,, = vol-
ume of organic phase solution, C;=concentration of the
metal ions before extraction, and C;=concentration of the

metal ions after extraction.
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The separation factor () was evaluated using the follow-
ing equation (Eq. 4),

ﬂ—D—z )

where D, = partition coefficient of the more extracted metal
ion and D, =partition coefficient of the less extracted metal
ion.

Preparation of Aliquat 336-SCN

20 g of Aliquat 336 was weighed out and stirred for 15 to
20 min with 25 mL 2.0 mol/L of HCI. Following the decan-
tation of the aqueous solution, 50 mL of Millipore water was
used to wash the organic phase. White turbidity developed
and it was allowed to settle for 4 to 5 h. The water was
then decanted and the organic phase was mixed with 25 mL
of 2.0 mol/L KSCN solution. After decanting the aqueous
phase and filtering the organic phase with 1PS paper, the
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Table 1 Concentration of different metals before and after calcination

Metals Before calcination (in g/L) After calcina-
tion (in g/L)

Li 0.39 0.617

Co 3412 4.13

Cu 0.031 0.078

Al 0.027 0.049

undiluted thiocyanate form of Aliquat 336 was stored for
the experiment.

Regeneration of Aliquat 336-SCN/stripping process

Back extraction of Co from the loaded organic phase is
performed using 2.5 mol/L KSCN as a stripping agent. A
sufficient amount of loaded Aliquat 336-SCN was gener-
ated prior to stripping. The Co-loaded organic phase was
then equilibrated with 2.5 mol/L of KSCN using an O/A
ratio of 1/5. The aqueous phase was removed, and the
organic phase was treated with hot water (70 °C) to get
pure Aliquat 336-SCN and remove any residual Co and
impurities.

Characterization of the spent LIB sample

The discarded LIB sample was calcined for five hours
at 700 °C, and the findings of the aqua regia test before
and after the calcination are presented in Table 1. Both
before and after calcination, the XRD study using a CuK
(1=1.5406 A) radiation source was performed with the
20 range of 10° to 80° at 25 °C. The reference data from
the JCPDS database (LiCoO, =00-050-0653, C=00-008-
0415, Co;0,=01-076-1802, and CuO =03-065-2309)
were compared with the diffraction patterns. Additionally,
characterization of the LIB samples was carried out using
SEM and EDS analysis at various magnifications.

Results and discussion
Leaching of spent LIB sample

Table 1 revealed that the concentration of metal ions has
been enriched after calcination due to the removal of
carbon from the sample. XRD patterns showed the pres-
ence of Co and Li in the form of LiCoO, (Fig. 2). Before
calcination, Fig. 2a displayed two intense carbon peaks
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Fig.2 XRD patterns of spent LIB sample a before calcination and b
after calcination

in the XRD pattern, which disappeared after calcination
(Fig. 2b). The SEM-EDS results clearly showed the car-
bon’s presence before calcination (Fig. 3a, b) and its disap-
pearance after calcination (Fig. 3c, d).

Impact of ascorbic acid concentration

At 30 °C, the impact of ascorbic acid concentrations vary-
ing from 0.05 to 1.0 mol/L on the leaching rates of Li and
Co from the waste LIB sample was examined at 10 g/L. of
PD, and a leaching period of 60 min. The leaching rates of
Li and Co reached 29.6% and 20.8%, respectively, when the
ascorbic acid concentration was 0.05 mol/L, as displayed in
Fig. 4a. The concentration of ascorbic acid was increased
from 0.05 to 0.8 mol/L, and this resulted in an increase in the
leaching rates of Li and Co from 29.6% to 88.3% and 20.8%
to 84.1%, respectively. The leaching efficiency of these metal
ions was not noticeably increased by a further increase in
ascorbic acid concentration. The ICP-OES results indicated
that Al and Cu were not dissolved by ascorbic acid. To facili-
tate further experiments, 0.8 mol/L was chosen as the opti-
mal concentration of ascorbic acid.

Impact of leaching time

The impact of leaching time ranging from 10 to 90 min on
Li and Co's leaching rates is depicted in Fig. 4b. With a
leaching time of 10 min, only 13.8% of Co and 27.2% of Li
were dissolved. The percentage of leaching for Li and Co
was increased to 88.3% and 84.1%, respectively when the
leaching period was increased to 60 min. However, after
60 min the leaching efficiency remained steady despite the
progressively growing trend. The 60 min leaching time was
therefore continued throughout the experiments.
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Fig.3 SEM images and EDS
plots of the spent LIB sample
a, b before calcination and ¢, d
after calcination
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Temperature impact on leaching

The impact of temperature on the leaching rate of Li and Co
was studied, by varying the temperature from 30 to 70 °C.
As depicted in Fig. 4c, only 84.1% of Co and 88.3% of Li
were leached at 30 °C. The solute diffusivity increased with
temperature, which caused the increase in the leaching rate.

The primary cause of this is that the proportion of successful
collisions is inversely related to activation energy and directly
proportional to temperature. Higher temperature acceler-
ates the reaction's rate by raising kinetic energy, resulting in
reduced activation energy, which favors the enhancement of
leaching efficiency. The optimum leaching of Co (99.8%) and
Li (100%) was achieved at 70 °C.
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With increasing the PD from 10 g/L to 70 g/L, the impact
of PD on the efficiency of Li and Co leaching was studied.
Other leaching parameters remain unchanged. Figure 4d
revealed that when the PD was increased from 10 to 50 g/L,
the leaching rates of both metals remained constant, while
the leaching rates declined as the PD was increased further.
The 100% of Li and 99.8% of Co were leached at PD of
50 g/L, as depicted in Fig. 4d. At PD of 60 g/L, the maxi-
mum Li (3.41 g/L) and Co (21.012 g/L) concentrations in
the leach solution were obtained, and as PD was increased
further, the contents of metal ions were not appreciably
increased. For optimum dissolution of Co and Li, the PD
of 60 g/L should be set. But, the PD was fixed at 50 g/L for
the maximum leaching because the residue still contained a
significant amount of Co and Li. Under optimum conditions,
such as 0.8 mol/L acid concentration, 60 min, 70 °C, and
50 g/L PD, the leaching rates of Li and Co reached 100%
and 99.8%, respectively.

Leaching kinetics

Kinetic studies are usually employed to understand the rate
of the reaction and the leaching mechanism. A detailed dis-
cussion of the models with corresponding equations is pro-
vided in the supporting information. At various temperatures
(30-70 °C) and leaching times (10-60 min), detailed kinet-
ics of the leaching method was investigated. The leaching
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process of Co and Li from wasted LIB was found not to
follow the diffusion control model (Fig. S1) and Avrami
reaction model (Fig. S2) due to the lower R” values than the
surface chemical reaction model (Fig. 5). Other leaching
factors continue to be at their ideal values. The R values
for the surface chemical reaction model were >0.98 which
predicted that the ascorbic acid leaching system was con-
trolled by this model. The surface chemical reaction model
was used to calculate the specific rate constants (k) for Li
and Co (Fig. 5a, b). From the Arrhenius equation k and T
(leaching temperature) can be related as (Eq. 5).

k= Aewr (5)
where E, (kJ/mol) is the apparent activation energy, and A
is the pre-exponential factor. The Arrhenius equation's sim-
plified form (Eq. 6) can be used to determine the apparent
activation energies for the different metals.

Ea
lnk=lnA—ﬁ (6)

Table 2 showed that raising the temperature is advan-
tageous for increasing the leaching rates of Li and Co by
showing that the rate constants increased as the temperature
was increased. For the leaching of Li and Co, higher correla-
tion coefficient values (R>>0.96) indicated that the surface
chemical reaction model correlated with the results better
(Fig. S3). According to Fig. S3, Li and Co have activation
energies of 11.07 kJ/mol and 12.01 kJ/mol, respectively. Li
showed a lower E, than Co, suggesting that Li might be more
easily leached. The variations in ascorbic acid concentration
data (From Fig. 4a) were examined to support whether or not
the leaching process was controlled by the surface chemical
reaction model. The plot of In k vs In [ascorbic acid] (Fig.
S4c) and the higher R? values (>0.99) for Li and Co (Figs.
S4 a, b) validated the fitting of the surface chemical reaction
model for the leaching of both metals.
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Fig.6 XRD patterns of the leached residue

Leaching mechanism

Deprotonation of one of the hydroxyl groups of ascorbic
acid produces the ascorbate ion and the stabilization of that
ascorbate ion by the two primary resonance structures is
the reason why the hydroxyl groups of ascorbic acid are
considerably more acidic than other hydroxyl compounds.
Dehydroascorbic acid (C4H¢Og), which functions as a reduc-
ing agent, is created by the oxidation of ascorbic acid with
the loss of two electrons. Ascorbic acid is thus referred to
as a self-reductant organic acid. Ascorbic acid dissociation
can be illustrated as follows,

C¢HgO, — 2HT + C,H 07 7

The surface chemical reaction model is used to predict the
leaching mechanism of spent LiCoO, batteries. The leaching
kinetics revealed that Li was more easily leached than Co
because of the trivalent cobalt ions. These trivalent ions need
to be converted into soluble divalent ions employing ascor-
bic acid as a self-reductant in order to enhance the leach-
ing percentage of Co. The two most probable and stable
products in terms of thermodynamics are C4HyOg4Li, and

Table 2 Kinetics parameters for the leaching of Li and Co at various reaction temperatures

T(CC) Li

Co

Surface chemical reaction Diffusion control

Avrami equation

Surface chemical reaction Diffusion control ~ Avrami equation

k. x10* (min™!) R? kyx10°  R? Ink, R? k. x10® (min~!) R? kyx10°  R? Ink, R?
(min~h (min~h
30 8.9 0.987 2.7 0928 —-386 0974 78 0981 22 0.899 —528 092
40 9.8 0.994 3.1 0937 —-371 0982 86 0984 25 0908 —4.71 0987
50 10.6 0992 35 0947 —-344 0973 96 0984 3.0 0921 —428 0982
60 12.2 0.993 42 0952 —338 0964 109 099 3.6 0915 —395 0972
70 15.2 0994 5.4 0973 —3.63 0956 139 0992 4.8 0943 —421 0.959
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CgHgOgCo [24]. The reaction of LiCoO, with CgHgO4 may
be represented as,

+ 2C¢HgOgCo(aq) + CcHgO4(aq) + 4H,0 ®)

Figures S5a and S5b depict the SEM images of the
waste calcined LIB samples both before and after leaching.
Before leaching, irregular and agglomerated geometry were
found (Fig. S5a). The larger particles with agglomerated
shapes vanished after leaching (Fig. S5b). Peaks of CuO and
Co;0, were seen in the XRD patterns of the leached residue
in Fig. 6. It implied that when ascorbic acid was utilized as
the leachant, the Cu and Al were not dissolved in the leach-
ing process which was also confirmed by the ICP-OES and
EDS analysis. It was also informed that as Co;0, was unable
to leach, it remained in the residue [29, 50].

Separation of Li and Co employing ionic liquid

After the complete dissolution of the metal ions in the
aqueous phase, it is necessary to separate them. The solvent
extraction method was used for the separation of Li and Co.
Acidic extractants can be used for the extraction of cobalt
but co-extraction of lithium will inhibit clean separation
[22]. The use of volatile diluents has a negative impact on
both human health and the environment. Hence undiluted
ionic liquids could be a better choice and some of the authors
reported the use of undiluted IL for metal extraction and sep-
aration [45, 51]. Though several quaternary phosphonium
ionic liquids have been examined for the extraction of Li [52,
53], the efficient extraction process for Co and Li separation
using Aliquat 336 has not been explored. Thus, the selective
extraction of Li and Co from the leach solution using the
undiluted thiocyanate form of Aliquat 336 was investigated

Fig. 7 a Effect of undiluted
Aliquat 336 and Aliquat 336-
SCN on the extraction of Li and
Co and b Image of two phases
after extraction with Aliquat

in this study. Considering the optimum leaching conditions,
500 mL of leached solution with a composition of 3.085 g/L
of lithium and 20.61 g/L of cobalt was generated and it was
10 times diluted ([Li] =0.3085 g/L and [Co] =2.061 g/L) for
further investigations.

Selective separation of co using Aliquat 336-SCN

The removal of metals from leach liquor was studied using
both undiluted Aliquat 336 and Aliquat 336-SCN. The
results showed that only 10.5% of Co was extracted when
undiluted Aliquat 336 was used as the extractant, whereas
the efficiency of Co extraction reached 94.3% when undi-
luted Aliquat 336-SCN was used (Fig. 7a). Figure 7b showed
the image of two phases after extraction with Aliquat 336-
SCN and the bluish-green color suggested that cobalt was
extracted as cobalt thiocyanate. Less than 5 mg/L of Li was
extracted to the organic phase with a higher separation factor
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(Bcory) of 1253.5. Aliquat 336-SCN performed admirably in
the selective extraction of Co from leach liquor containing
Li. It was also reported that the thiocyanate form of Aliquat
336 was preferable for cobalt extraction rather than other
forms such as sulfate and chloride [54]. The UV-visible
spectra of the neat and loaded Aliquat 336-SCN were taken
and presented in Fig. 8. The neat form showed no absorp-
tion peak whereas the loaded Aliquat 336-SCN showed two
distinct absorption peaks at 589 and 628 nm. The 4,,,, was
observed at 628 nm, indicating that the cobalt was extracted
as cobalt thiocyanate into the organic phase. Also, it was
reported that the spectra of the cobalt-loaded organic phase
showed a broad peak between 550 and 700 nm, which is a
characteristic indication of a tetrahedral complex of Co(II)
[48, 55].

McCabe-Thiele plot for Co extraction

McCabe-Thiele plot was required for the complete separa-
tion of Co from the leach solution containing Li. Maintain-
ing the total volume of phases fixed, the leach liquor was
equilibrated with undiluted Aliquat 336-SCN at an O/A ratio
ranging from 5/1 to 1/5 and the findings were presented in
Fig. 9. Two stages of counter-current extraction with an
O/A ratio of 1:1 was suggested for the complete separation
of Co (Fig. 9). The theoretical prediction was verified by
performing the counter-current extraction. The outcomes
revealed that 2.059 g/L of Co was extracted into the organic
phase along with 0.004 g/L of Li and that the raffinate con-
tained 0.002 g/L of Co and 0.3045 g/L of Li.

Regeneration of Aliquat 336-SCN

To get pure cobalt oxide as well as to reuse the extractant,
reverse extraction of Co from the loaded organic phase
is required. To avoid disrupting the thiocyanate form of
Aliquat 336, KSCN was employed as the stripping agent.
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Fig.9 McCabe-Thiele Plot for Co extraction
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Table 3 Cross-current stripping Stages % Stripping (Co)
of Co from loaded Aliquat
336-SCN (2.5 mol/L KSCN, 1st 57.8+0.23
O/A=1/5) 2nd 78.3+0.15
3rd 89.6+0.19
4th 99.4+0.16

Enough loaded Aliquat 336-SCN was generated by per-
forming 2-stages of counter-current extraction with a 1:1
phase ratio. The recovery of Co from the loaded organic
phase containing 2.059 g/L. Co was investigated by vary-
ing the KSCN concentration from 1 to 2.5 mol/L at an O/A
ratio of 1/5. It has been observed that only 57.8% of Co
was stripped with 2.5 mol/L KSCN. Then the cross-current
method was adopted for a complete stripping of Co. About
99.4% of Co was recovered after 4 stages of successive
cross-current stripping (Table 3). Then the organic phase
was washed with hot water (70 °C) to obtain pure Aliquat
336-SCN and remove any residual Co and impurities. After
stripping, the precipitation of Co was carried out employing
sodium hydroxide as a precipitation agent and also Li was
precipitated as Li,CO; from the Li-rich solution.

Comparative study

There has not been much research on the leaching of
spent LIBs using ascorbic acid as a leaching agent rather
than a reducing agent. The results of all ascorbic acid-based
leaching and separation techniques that do not completely
separate Li and Co are summarized in Table 4. The find-
ings need to be reviewed in order to improve the leaching
efficiency with minimal acid consumption and a higher S/L
ratio. Additionally, the clean separation of Li and Co was
also not studied to propose a complete flow sheet. In this
research, the complete process for selective separation of Li
and Co from spent LiCoO, type batteries is represented in
a flow sheet (Fig. 10).

Conclusions

The XRD, SEM, and EDS studies have been performed for
the waste LIB both before and after the calcination. The
presence of Co and Li as LiCoO, was identified in XRD
patterns. The results from XRD, and SEM-EDS clearly
demonstrated the carbon's presence before calcination and
its disappearance after calcination. With 0.8 mol/L ascorbic
acid, Al and Cu were not leached by ascorbic acid, whereas
the leaching rates of Li and Co reached 88.3% and 84.1%,
respectively. The optimum leaching efficiencies of 99.8% Co
and 100% Li were achieved with 0.8 mol/L ascorbic acid,
70 °C, 50 g/L PD, and 60 min of leaching time. Kinetic
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Spent LiCoO, LIB
sample

Calcination
(700°C, 5 hr)

Enriched metal ions
(Li*,Co**,Cu?*,AlPY)
\

Leaching
(0.8 mol/L Ascorbic
acid, PD of 50 g/L,
70°C, 60 min)

———)

Leach Liquor
(100% of Li, 99.8% of

Co)
Solvent Extraction
(Undiluted Aliquat ~ |[F======)
336-SCN)

Counter-Current Extraction
(2 stages, O/A=1:1)

N\

Loaded Organic Raffinate
(99.9 % of Co) (Li rich solution)

Stripping
(2.5 mol/L KSCN
at O/A of 1/5)

Corich
solution
Co(OH),

Fig. 10 Complete flow sheet for selective separation of Li and Co
from spent LiCoO, batteries

studies have been analyzed to understand the reaction rate
underlying the leaching process. Higher R? values indicated
an ideal match of the surface chemical reaction model. The
two thermodynamically stable and most likely products,
C¢HO¢Li, and C4HzO4Co is predicted from the leaching
mechanism. The selective extraction of Co was carried
out using undiluted Aliquat 336-SCN and according to the
results, 94.3% of Co was extracted with a higher separation
factor (Boop;) of 1253.5.99.9% of Co was extracted employ-
ing 2-stages of counter-current extraction with an O/A ratio
of 1:1. The A, of cobalt-loaded Aliquat 336-SCN was
observed at 628 nm, indicating that the cobalt was extracted
as cobalt thiocyanate into the organic phase. 99.4% of the Co
was recovered after the four stages of cross-current stripping
with 2.5 mol/L KSCN at a 1/5 O/A ratio.
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