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Abstract

Growing demand for valuable battery materials and environmental issues from battery disposal make the recycling of spent
lithium-ion batteries (LIBs) essential. Specifically, the green approaches using organic reagents have garnered many attentions
for battery recycling. In this study, a synergetic organic leaching system using methanesulfonic acid (MSA) of strong organic
acid and citric acid (CA) with good chelating ability was investigated to extract valuable metals from LiCoO,. Hydrogen
peroxide was used as a reducing agent to enhance leaching kinetics. Cobalt extraction of 98% and lithium extraction of 97
% were achieved in the optimized condition; 2.4M MSA, 1.6M CA, 1.0 vol% H,0,, S/L ratio 80 g/L, 85 °C, and 1 h. The
optimal leaching condition of the MSA-CA mixed leaching system exhibited good applicability to various cathode scraps,
such as LiCoO,, LiNi,Mn,Co,_, ,O,, and LiNi,Co,O,. The dissolved Co and Li ions in the MSA-CA leachate were selectively
recovered with high recovery efficiencies of 99 % and 97 % as Co;0, and Li;PO,, respectively. The recovered Co;0, and
Li;PO, were utilized to regenerate cathode materials. LiCoO, and LiFePO, were also synthesized through a solid-state reac-
tion and hydrothermal method. The recycling process based on the MSA-CA-H,0, synergetic leaching system was proposed,
and it might be applied as a green and economical organic leaching system for the recycling of various types of spent LIBs.
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1 Introduction

Rechargeable lithium-ion batteries (LIBs) have been used
as clean energy sources for electric vehicles to reduce
greenhouse gas emissions [1, 2]. Accordingly, the demand
for valuable metals used as cathode materials has grown
increasingly. Nowadays, because of the depletion of primary
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resources, recycling critical metals from secondary resources
has become a vital strategy to address the regional metal
deficiency, maximize resource utilization efficiency, and
minimize the hazardous environmental influence of waste
disposal [3-5]. Regarding LIB recycling, the estimated cur-
rent rate of second-life battery supply is approximately one
gigawatt-hours per year. However, the second-life battery
supply for EVs could increase by 200 gigawatt-hours per
year by 2030. A global market with a value north of $30
billion will be expected to be constituted by 2030 [6].
Pyro-, hydro-, and bio-metallurgical approaches have
been considered to recycle valuable metals from the spent
LIBs. Currently, the hydrometallurgical method has been
widely applied in many LIBs recycling companies such
as Duesenfeld (Germany), Umicore (Belgium), Li-Cycle
(USA), and SungEel HiTech (Republic of Korea) [7, 8]
because critical metals of high purity can be recovered, and
it is more energy-efficient and eco-friendly than the pyro-
and bio-metallurgical approaches [9]. Hydrometallurgical
processes consist of three stage processes: (1) metal dis-
solution by leaching processes; (2) concentration and
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purification by solvent extraction, ion exchange, or cementa-
tion; and (3) metal recovery by precipitation or electrolysis.
In the hydrometallurgical processes for the LIB recycle, the
leaching processes are mostly conducted using mineral acids
with strong acidity (i.e., low dissociation constant, pK,) [10].
Among the mineral acids, sulfuric acid (H,SO,) has been
utilized commercially due to its low cost and low corrosive-
ness to industrial facilities [11, 12]. In addition, reducing
agents, such as H,0,, Na,S,0;, and NaHSO; are added to
improve the leaching kinetics of cathode materials [13].

In this context, organic acids are attracting attention as
eco-friendly alternatives to mineral acids [9]. Mineral acids
of HCI, HNO;, and H,SO, inevitably produced toxic by-
products such as Cl,, NO,, and SO, in the leaching processes
[14]. On the other hand, various organic acids are less toxic
than mineral acids due to the following reasons: (1) mild
acidity relative to mineral acids; (2) biodegradability char-
acteristics; and (3) organic acids mainly consist of C, H, and
O atoms; thus, toxic by-products are not produced during the
leaching [9]. A variety of organic acids have been explored
to dissolve cathode scraps, such as lactic acid (C;H¢O5),
succinic acid (C,H¢O,), malic acid (C,H¢Os), tartaric acid
(C,H¢Og), benzenesulfonic acid (C¢HgO5S), ascorbic acid
(C¢HgOg), and citric acid (C4gHgO;) [15-19]. Furthermore,
several organic chemicals have been investigated as reduc-
ing agents to apply for cathode material leaching, for exam-
ple, H,SO,-ascorbic acid [13], H;PO,-glucose [20], maleic
acid-grape seed extract [21], citric acid-orange peel extract
[22], and citric acid-tea waste [23]. However, an extended
leaching time with an elevated leaching temperature and a
low S/L ratio of organic leaching systems compared to the
mineral acid leaching system has limited their industrial
applications.

To overcome those disadvantages of organic leaching
systems, synergetic organic leaching systems using mixed
organic lixiviant have been of particular interest. Generally,
in the organic leaching system, valuable metals for cathode
materials are leached through acidolysis and complexoly-
sis phenomena [24]. The mixed organic lixiviants consist
of organic chemicals with either strong acidity (i.e., lower
pK,) or good complexing ability, and it may be a practical
approach to improve the leaching performance by using the
synergistical system as well as to achieve a green process.
There have been a few studies on the mixed organic leaching
system for cathode materials, such as citric acid-salicylic
acid-H,0, [25], citric acid-glucose [26], citric acid-ascorbic
acid [27], benzenesulfonic acid and formic acid [28], and
tartaric acid-citric acid-ascorbic acid systems [29]. In those
studies, H,0,, glucose, ascorbic acid, and formic acid were
used as reducing agents. The mixed organic leaching sys-
tems were effective for the leaching of the cathode materi-
als, but their reagent cost was still more expensive than that
of the conventional inorganic acids. A thorough economic
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analysis should be performed before considering the system
for industrial implementation.

Among various organic acids, methanesulfonic acid
(MSA, CH,SO3) with the lowest pK, value could be one of
the most suitable organic acid responsible for the acidolysis
mechanism for the mixed organic leaching system. Recently,
MSA has exhibited broad applicability in hydrometallurgi-
cal processes as a promising sustainable organic lixiviant
due to its advantages: (1) a high solubility of metals, (2) a
strong acidity with a significantly lower pKa value (—1.9)
compared to other organic acids, and (3) a biodegradability
[30-33]. The applicability of MSA for the lithium cobalt
oxide (LCO, LiCo0,) leaching with the H,0, as a reductant
was investigated [14]. It was reported that SM MSA-5vol%
H,0, system achieved a leaching efficiency of 92.4 % Co
and nearly 100% Li at 163 g/L for pulp density. Meanwhile,
citric acid (CA) might be used as an agent for complexolysis
and reductant due to its poly proticity, relatively low pKa
(i.e., pK,;: 3.13, pK,,: 4.76, pK,5: 6.40) and good complex-
ing ability with valuable metals [9]. In addition, its waste
liquids can be easily decomposed in an anaerobic and aero-
bic environment [34]. Above mentioned, there were some
reports on the mixed leaching system, but, a new green
leaching system coupled with MSA for LCO recycling has
not been reported until now.

After leaching, the dissolved metals in the leached
solution are recovered as cobalt oxalate (CoC,0,), cobalt
hydroxide (Co(OH),), lithium carbonate (Li,COj), or lith-
ium phosphate (Li;PO,) through precipitation processes
[35]. Although the precipitation processes to recover Co and
Li from leached solution by H,SO, and some organic acids
are well known, the optimized conditions for recovering Co
from the leachate may depend on the leaching system as
presented in Table S1 of supporting materials. In the case
of the organic leaching system, the conditions for the pre-
cipitation process are believed to notably depend on the type
of organic acids because the organics can form complexes
with either Co or Li ions and the complexation behavior
depends on the chemicals. Thus, optimization of process
parameters for recovering Co or Li ions from the MSA-CA
mixed organic leaching system, which would be studied in
this study, necessarily is required.

MSA-CA mixed leaching system was investigated as
a whole green leaching process to achieve the effective
dissolution of cathode materials. Wu [36] previously opti-
mized the lixiviant ratio, lixiviant concentration, and solid/
liquid (S/L) ratio of the MSA-CA leaching system. In this
study, the effect of H,0O, was investigated to enhance the
reaction kinetic of the MSA-CA leaching system. The
leaching performance and economic feasibility of this
leaching system in terms of reagent and electricity cost for
the leaching test were compared to various organic acids
and the H,SO, as a conventional lixiviant. The optimal
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operating condition of the MSA-CA-H,0, leaching system
was applied to various cathode scraps from spent LIBs
for the sake of examination of its diverse applicability.
The dissolved Co and Li in the leachate were recovered
into Co;0, and Li;PO, as the cathode precursors. Sub-
sequently, by utilizing the recovered Co;0, and Li;PO,,
LCO and lithium iron phosphate (LFP, LiFePO,) were
regenerated via solid-state reaction and hydrothermal syn-
thetic method, respectively.

2 Materials and Experimental Methods
2.1 Materials

A leaching test was conducted using synthetic LCO pow-
der of 97% purity (Alfa Aesar) to optimize leaching condi-
tions. Compositions of synthetic LCO are 6.87 Li wt% and
58.4 Co wt%. Afterward, to validate the applicability of
the mixed leaching system, secondary leaching tests using
synthetic MNC 622 powder (MSE supplies™) and cathode
scraps from spent LIBs were conducted at the optimized
conditions. Compositions of synthetic NMC 622 are 7.13
Li wt%, 58.8 Ni+Mn+Co wt%, Na 0.0118 wt %, 0.0004
wt%, and 0.0001 Cu wt%. The LCO, lithium nickel cobalt
oxide (NCO), and lithium nickel manganese cobalt oxide
(NMC) cathode scraps were provided by SungEel HiTech.
Co., Ltd (Korea). Spent batteries were mechanically bro-
ken by a shredder after discharging. And then, several
separation processes, such as magnetic separation, elec-
trostatic separation, and sieving separation, were applied
to shredded spent batteries to remove impurities. Scraps
under 200 mesh were used for leaching tests. Its chemical
compositions analyzed by inductively coupled plasma-
optical emission spectrometry (ICP-OES) following aqua
regia digestion were in Table 1. And, their phases analyzed
by X-ray diffraction (XRD) were summarized in Table 2.

Table 1 Compositions of spent battery scraps, which were analyzed
by ICP-OES

Element LCO scrap 1 LCO scrap2 NMC scrap NCO scrap
(Wt%)

Al 3.92 <0.1 % 4.70 0.56

Co 21.63 54.60 3.88 6.59

Cu 1.27 0.01 6.86 0.00

Fe 0.03 0.02 1.25 0.47

Li 2.29 6.46 3.36 6.55

Mn 0.06 0.13 1.49 0.57

Ni 0.21 0.63 16.88 42.39

Table 2 Phase of spent battery scraps, which were analyzed by XRD

Phase LCO scrap1 LCOscrap2 NMC scrap NCO scrap
Graphite 76.5 - 68.0
Li(Co,Ni,Mn) 4.7 100 100 24
0,

CoO 13.1 - 0.0
Cuprite 1.6 - 6.7
Nickel 0.0 - 6.9
Aluminum 1.0 - 6.1
LiAlO, 0.0 - 5.0
Tenorite 0.6 - 2.3
NiO, 0.0 - 2.0
Cobalt 1.0 - 0.0
Goethite 0.7 - 0.7
CoO, 0.8 - 0.0

2.2 Leaching Test

The leaching test was conducted using a 1L reactor which was
covered by a vessel lid to prevent the evaporative loss of the
solution. The temperature of solution was controlled up to 85
°C by using a water bath and circulator. The organic leaching
solution composed of MSA (99% extra pure, Acros Organics)
and CA (99.5% citric acid anhydrous, certified ACS, Fisher
Chemical) was prepared prior to the leaching test. The concen-
trations of MSA and CA were 2.4 M and 1.6 M, respectively.
After the solution temperature was reached the set temperature,
16 g sample was added into the 200 mL solution to achieve
a primary S/L ratio of 80 g/L. H,0, of 0.5-4.5 vol% (30 %,
Certified ACS, Fisher Chemical) was added to the leaching
solution as a reductant. The leaching reactor was agitated
using a magnetic stir bar. Kinetic samples were taken at sev-
eral intervals, and the concentrations of dissolved elements
were analyzed through atomic absorption spectrometry (AAS,
PinAAcle 900F, PerkinElmer, UK). The calculation formula
for the leaching efficiency is presented as follows (Eq. (1)):

c-V
m-w

R=

X 100 ey

where R is leaching efficiency (%), ¢ is metal concentra-
tion in leaching solution (g/L), V is solution volume (L),
m is sample weight (g), and w is the weight percent of the
metal in the sample (wt%).

2.3 Co and Li Recovery from Leachate
and Regeneration of Cathode Materials
Cobalt in the LCO leachate were recovered into cobalt oxa-

late (CoC,0,) by precipitation process using oxalic acid
(OA, C,H,0,-2H,0, certified ACS, Fisher Chemical). For
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the sake of the precipitation of CoC,0,, an initial pH and
temperature of the leachate were 2 and 25°C. The pH was
controlled by 10 M NaOH (certified ACS, Fisher Chemical)
and was measured using Orion star A221 pH meter (Thermo
Scientific, US). And then, 3M OA solution of 65°C was
added in the leachate with the 1:1.2 molar ratio between oxa-
late (C,0,%) and Co** in solution. The precipitation reaction
was conducted for 1 h. The pink-colored CoC,0, precipi-
tates were collected by filtration, washed with distilled water,
and then dried. The precipitates were calcinated in a muffle
furnace at 400 °C for 6 h to generate the Co;0, compound.
For the sake of regeneration of LCO cathode via a solid-state
reaction, the recovered Co;0, and commercial Li,CO; (ACS
reagent, Sigma-Aldrich) was homogeneously mixed with a
Li/Co molar ratio of 1:1 in ball mill at 300 rpm for 2 h. The
mixture was sintered in a muffle furnace at 800 °C for 15 h
in air atmosphere. The heating rate was 10°C/min.

The Li ions remained in the leachate after the Co precipi-
tation process were recovered into the Li;PO, compound via
precipitation process using sodium phosphate (Na,HPO,,
99 %, Sigma-Aldrich). Before Li recovery, the initial pH of
leachate was adjusted between 9 and 12 using 10 M NaOH.
Subsequently, 0.7 M Na,HPO, was added into the leachate
with the 1:3 molar ratio between PO,* and Li* in the solution.
The pH of 0.7M Na,HPO, was also adjusted between 9 and
12 corresponding to that of leachate pH before adding into
the leachate. The reaction was conducted for 30 min. The fil-
tered light blue Li,PO, powders were thoroughly washed with
distilled water at 50 °C and dried in the oven. The recovered
Li;PO, was utilized to synthesize the LFP cathode materi-
als through the hydrothermal method. Firstly, FeSO,-7H,0O
(99.5%, Sigma-Aldrich) and 10 wt% ascorbic acids were dis-
solved in 40 mL of deionized water. And then, the recov-
ered Li;PO, was slowly dispersed into the FeSO, solution
under stirring. The ratio of Li;PO,/FeSO, was 1:1 and the
final concentration of FeSO, was controlled to 0.2 M. After
sufficient mixing, the prepared mixture was transferred to the
hydrothermal synthesis reactor and heated at 180°C for 10 h.
After cooling down to room temperature, the obtained prod-
ucts were filtered and washed by deionized water.

2.4 Material Characterizations

The crystal phases of the recovered materials were analyzed
by X-ray diffractometer (XRD, SU8010, Hitachi, Japan)
with the scan rate of 2°/min using Cu-K alpha as a source
of X-rays. Their morphologies were observed with a scan-
ning electron microscope (SEM, JSM-6700A, JEOL LTD.,
Japan). Energy dispersive X-ray spectroscopy (EDS) and
ASS were used to identify the impurity of the recovered
materials. Before the impurities of samples were analyzed
with ASS, the samples were fully dissolved into aqua regia
at 60 °C.
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3 Results and Discussion
3.1 Effect of H,0, on the Leaching of Synthetic LCO

Figure 1 (a) and (b) shows the effect of the molar ratio
between MSA and CA on the Co and Li leaching efficien-
cies. The total molar concentration of organic acids was set
at 1M. Compared to the only 1M CA or 1M MSA condi-
tion, the hybrid solutions tended to exhibit better leaching
efficiencies. The MSA:CA molar ratio of 3:2 was the opti-
mized condition for the leaching of synthetic LCO, where
the Co and Li leaching efficiencies were 85 % and 81 %,
respectively. This result indicated that the hybrid organic
leaching system synergistically affected Co and Li dissolu-
tion from the LCO. Meanwhile, the leaching kinetics of Co
was slower than that of Li. Li in LCO exists as soluble Li*.
Li can easily undergo oxidation in most acidic solutions. On
the other hand, Co in LCO exists as insoluble Co>", making
it relatively difficult to dissolve in any acidic solutions unless
properly reduced.

To improve the reaction kinetic in MSA-CA mixed leach-
ing system, H,O, was added as a reductant. The basic condi-
tions for synthetic LCO leaching were follows: 2.4M MSA,
1.6M CA, S/L ratio 80 g/L, and 85°C, which were optimized
in prior research [36]. Figure 1 (c) and (d) shows the effect
of H,0, concentrations on the Co and Li extraction from
synthetic LCO. The concentrations of H,0, were 0, 0.5, 1,
1.5, 3, and 4.5 vol%. The molar ratios of H,O, to LCO at
each H,O, vol% can be expressed to 0, 0.26, 0.52, 0.78,
1.56, and 2.34. The leaching rates of LCO, particularly Co,
were notably improved by adding a small amount of 1.0
vol% H,0, (the molar ratios of H,0, to LCO: 0.52). The
leaching efficiencies of Co and Li in the presence of H,0,
above 1.0 vol% reached to 90 % and 91 % within around 1 hr.
Figure 1 (e) shows the Co and Li extraction efficiencies with
the H,O, concentration after the leaching for only 1 h. The
leaching efficiencies of Co and Li were increased rapidly to
approximately 90 % with increasing the H,O, concentration
to 1 vol%. However, above 1 vol % H,0,, the efficiencies
increased much slower. H,O, with a strong reducing abil-
ity can destabilize the LCO structure by reducing insoluble
Co’* into soluble Co** species [14, 23]. The reduction of
Co’* by H,0, could be described according to the following
equation (Egs. (2) and (3)) [37]:

2Co®* +2¢~ — 2Co** (E® = 1.92V vs SHE) Q)

H,0, — O, +2H"* +2¢~ (E° = 0.695 vs SHE) 3)

Due to the collapsed LCO structure, the leaching process
could be accelerated by MSA and CA. However, the addition
of a large amount of H,0, above 1.0 vol% showed a negligi-
ble effect on the overall leaching efficiency. The result might
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Fig. 1 Effect of molar ratio between MSA and CA on a Co and b Li
leaching from the LCO powder. The leaching conditions of (a, b)
were as follows: 80 g/L S/L ratio and 85°C. Effect of H,O, concentra-
tion on ¢ Co and d Li leaching from the LCO powder. The leaching

be because a large portion of H,0, were easily decomposed
at the high temperature of 85°C when a large amount of
H,0, were added at once. In this study, the overall leaching
reactions were described as below:

6H, (C4Hs50;) (aq) + 6LiCoO, () + 3H,0, (aq)
— 2Li3(CsH50,) (aq) +2Co3(CsHs0;), (ag) + 12H,0 + 30, (g) )

6H (CH;0,5) (aq) + 2LiCo0, (s) + H,0, (aq)
— 3Li(CH,055) (ag) + 2Co(CH,055), (aq) + 4H,0 + 0, (g) ®)

The molar ratios of H,0, to LCO based on Eqgs. (4) and
(5) were 0.5. In Fig. 1 (c) and (d), the optimized H,0,
consumption for the LCO leaching in the MSA and CA
leaching system was 1 vol%, where the molar ratio of H,0,
to LCO is 0.52. This result shows that the reaction stoichi-
ometry for the experimental results is well matched with
the leaching reaction equation.

To minimize the consumption of H,O, due to the
decomposition during the leaching, 1 vol% H,0, was sep-
arately added in the solution when the leaching test was
started and after 30 min. Figure 2 shows the results for the
effect of two separate additions of H,O, on the LCO leach-
ing. The Co and Li extraction efficiencies were improved
up to 98 % and 97 % within 1 h by the separate additions of

conditions of (c—e) were as follows: 2.4 MSA, 1.6 CA, 80 g/L S/L
ratio, 85°C. e Co and Li extraction efficiencies at 1 hr with increasing
the H,O, concentration, which is from (c) and (d)

H,0,. Thus, the optimized conditions for the 2.4M MSA-
1.6M CA mixed leaching system were concluded to be the
leaching time for 1 h at 85°C and the separate addition of
1 vol% H,0,.

3.2 Effect of Temperature and Leaching Kinetics

Figure 3 presents the changes of Co and Li extraction effi-
ciencies using 2.4M MSA-1.6M CA leaching system from
30 to 85°C. The Co and Li extraction efficiencies and leach-
ing kinetics were enhanced with increasing the reaction tem-
perature. Maximum extraction of both metals was observed
at 85°C. To determine the rate-controlling step for the leach-
ing of metals from the LCO cathode scraps, the experimental
data were analyzed on the basis of the shrinking core model.
Leaching of metals from the cathode scraps could be a solid-
liquid heterogeneous reaction, and it conforms to the unre-
acted shrinking core model [38]. Thus, the leaching kinetics
are basically controlled by an ash or product layer diffusion
control, a surface chemical reaction, or a diffusion through
a fluid film. Meanwhile, several researchers discussed that
LCO might be continuously dissolved without the formation
of solid phase during the leaching process, which implies
that the process of LCO dissolution in acidic solutions can
be regarded as a reverse process of crystallization [38, 39].
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Furthermore, the LCO leaching is the multi-metals leaching
of solid-liquid reactions. In this case, it has been reported
that Avrami equation may be successfully employed to
explain the leaching kinetics [38, 39]. The Avrami equation
is expressed as Eq. (6):

In(=In(1—-x))=Ink+nlnt (6)

where x is fraction of metal extraction, k is rate constant
(h™h, tis leaching time (h). Figure 4 (a—h) shows the lin-
ear fitting results based on four leaching kinetic models. By
referring to R? values, the Avrami equation model had a
pertinent fitting correlation with LCO leaching process than
the other three models, indicating LCO leaching process in
MSA-CA system could be well-explained via the Avrami
equation. According to Soki¢’s report [40], the leaching pro-
cess is limited by the surface chemical-controlled reaction
when the n value in the Avrami equation is above 0.5. The n
values for Co and Li at 85 °C, which is the optimal leaching
condition, were 0.850 and 0.504, respectively. This result
shows that the leaching process at 85°C in the 2.4M MSA-
1.6M CA-1vol% H,0, was limited by the surface chemical-
controlled reaction.
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Leaching time (hr)

The relationship between the reaction rate constant and
the leaching temperature can be explained by the Arrhenius
law as presented in Eq. (7):

k = AcE/AT )

where k is the reaction constant (h™!), A is the frequency
factor, E, is the apparent activation energy (kJ/mol), R is the
universal gas constant (8.314 J/mol-K), and 7 is the absolute
temperature (K). Figure 5 (a) and (b) presents the Arrhe-
nius plot of Co and Li. The calculated activation energy
of Co and Li was 30.58 kJ/mol and 23.11 kJ/mol, respec-
tively. When the apparent activation energy for a reaction
is higher than 42 kJ/mol, the chemical reaction controls the
overall reaction. In this case, the formation and breaking of
chemical bonds become the rate-determining steps. When
the apparent activation energy is lower than 18 kJ/mol, the
reaction rate is mainly influenced by the diffusion of reac-
tant molecules. In this case, the rate-determining step is the
diffusion of reactant molecules to the reaction site. When
the apparent activation energy falls between the ranges of
18 and 42 kJ/mol, both chemical reaction control and dif-
fusion control can play a significant role in determining the
overall reaction rate. In this case, the rate of the reaction is
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influenced by both the chemical processes and the diffu-
sion of reactants [41, 42]. Therefore, the rate-determining
step in the MSA-CA hybrid organic leaching system was
determined as the mixed-controlled mechanism which com-
bines surface chemical reaction and liquid film diffusion-
controlled mechanism.

3.3 Effect of High S/L Ratio and Lixiviant
Concentration

Figure 6 shows the effect of the S/L ratio on the 2.4M MSA-
1.6M CA-x vol% H,0, (x=1, 1.25, 1.5, 2 vol%) leaching
system. Three tests at 85°C were performed to verify repro-
ducibility. In these tests, considering that the optimized
ratio between the S/L ratio and H,0, concentration was 80
g/L:1.0 vol% as shown in Fig. 2, the proportional amount
of H,O, was added as the S/L ratio increased. Moreover,
H,0, was added in two separate additions. In Fig. 6, the

vol% values above data symbols indicate the added H,O,
concentration for each test. The leaching efficiencies of Co
and Li in the absence of H,0, were decreased with increas-
ing the S/L ratio. On the other hand, the leaching efficiencies
of Co and Li in the presence of H,0, were kept at around
92% despite the increase in the S/L ratio to 120 g/L. At 160
g/L, the leaching efficiencies of Co and Li were decreased;
particularly, the decrease of Co leaching was prominent.
This result may be due to the crystallization of Co and/or
Li ions into compounds of purple color during the leaching
test, as shown in Fig. 6. When more than 120 g/L of the
LCO was dissolved into the 2.4M MSA-1.6M CA solution,
it is believed that the concentration of dissolved Co and/or
Li reached the solubility limit during the experiment. The
120 g/L could be concluded as the optimal S/L ratio for the
LCO leaching using 2.4M MSA-1.6M CA-1.5vol% H,0,
at 85 °C for 60 min. The 120 g/L S/L ratio is an excellent
value compared to the previous research on LCO leaching
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using organic acids as presented in Table S2 of the sup-
porting information. Furthermore, it is also comparable to
the H,SO,-H,0, conventional leaching system (100-150
g/L. S/L ratio, Table S2) although the Co and Li leaching
efficiencies for the MSA-CA-H,0, leaching system were
slightly lower than those for the conventional leaching sys-
tem. The higher S/L ratio achieved in this study is expected
to reduce the reagent consumption and the cost. Further-
more, it is believed that the high Co and Li concentration
in leachate can facilitate the subsequent Co and Li recovery
processes.

3.4 Comparison of Reagent Cost and Electricity Cost

To objectively compare the MSA-CA-H,0, system to vari-
ous organic leaching systems in terms of economical per-
spective, the reagent cost per extracted LCO weight and the
leaching process cost per extracted LCO weight were calcu-
lated based on Egs. (8) and (9), respectively.

reagent cost per extracted LCO weight ($/kg)
__ reagent cost for the optimized concentration ($/L)

- leached S-L ratio (kg/L) (8)
reagent cost for the optimized concentration ($/L)

T S-L ratio (kg/L)-(Li E.E. (%)/100)-(Co E.E. (%)/100)

leaching process cost per extracted LCO weight ($ / kg)
_ [Electricity consumption for heating 1L water (kwh/L)-electricity rate ($/kwh)]

- leached S-L ratio (kg/L) ©)]
_ Electricity cost for heating 1L lixiviant ($/L)

T S-L ratio (kg/L)-(Li E-E. (%)/100)-(Co E.E. (%)/100)

Basically, the optimized leaching parameters in the pre-
vious studies and this study, such as the S/L ratio, leach-
ing time, and leaching temperature, were summarized in
Table S2 of the supporting information to calculate reagent
costs per extracted LCO weight ($/kg) and leaching process
costs per extracted LCO weight ($/kg).

In Eq. (8), the reagent costs used for the optimized con-
centrations in each leaching system were calculated based
on the reagent costs ($/kg) referred from Sigma-Aldrich,
as presented in Table S3 of the supporting information.
The calculated reagent costs used for the optimized con-
centrations were summarized in Table S2 of the supporting
information. Meanwhile, the reagent costs ($/L) used for the
optimized concentrations were divided by the leached S/L
ratio (kg/L) to determine the reagent cost per extract LCO
weight ($/kg). Here, the leached S/L ratio (kg/L) means the
weight of solids leached in the 1L lixiviant according to
the Li extraction efficiency (Li E.E., %) and Co extraction
efficiencies (Co E.E., %).

For calculating the leaching process cost depending on
the temperature and time (Eq. (9)), the electricity consump-
tion of the leaching instrument was measured using a Power
Meter in this study. The water of 1L was identically used
for this measurement. Figure S1 (a) and (b) of supporting
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materials show the measured temperature (°C) and the elec-
tricity consumption (kWh) for heating 1 L water with the
increase in the leaching time. The corresponding electricity
cost for heating 1 L water ($/L) at a specific temperature and
specific time was calculated by reflecting the electricity rate
of the state of Colorado (0.15 $/kWh), as shown in Fig. S3
(c). Here, the electricity cost for heating the 1 L water was
assumed to be identical to the electricity cost for heating
the 1L lixiviant of each organic acid leaching system. Con-
sequently, the electricity costs for heating the 1 L lixivi-
ant could be determined based on the calculated cost data
of Fig. S1 (c) and the optimized leaching temperature and
time in Table S2. All the calculated values were presented
in Table S2 of the supporting information. Meanwhile, the
electricity costs ($/L) were divided by the leached S/L ratio
(kg/L) to determine the electricity costs per extract LCO
weight ($/kg).

Figure 7 shows the reagent cost per extracted LCO
weight ($/kg) and the leaching process cost per extracted
LCO weight ($/kg) of various organic leaching systems. The
MSA-CA-H,0, leaching system investigated in this study
was one of the most effective organic leaching system in
terms of economical perspectives. It is believed to be due
to the highest S/L ratio although the actual reagent cost is
higher than others.

3.5 Leaching Test Using Cathode Scrap from Spent
LIBs

The optimal leaching condition was applied for various
cathode scrap from spent LIBs for the sake of examination
on the diverse applicability of MSA-CA-H,0, leaching
system. The leaching conditions were 2.4M MSA, 1.6M
CA, 1 vol% H,0,, 80 g/L. S/L ratio, 85°C, and 1 h. Fig-
ure 8 and Table 3 show the leaching results on two LCO
scraps, synthetic NMC622, NMCS811 scrap, and NCO
scrap. The metal elements of cathode materials were
leached above almost 90% under the optimal condition
although the leaching efficiencies of one component were
slightly lower for the cathode materials containing Ni and/
or Mn. For the synthetic NMC622, the leaching efficiency
of Mn was 86%. The molar mass of NMCs tends to be
lower than that of the LCO. When the S/L ratios were the
same, the molar concentration of NMCs is higher than
that of the LCO. Therefore, the leaching efficiency of one
element might be relatively low. This could be improved
by increasing the leaching time or reducing the S/L ratio.
In the case of the NMC811 and LNCO scraps, 89% of Ni
and 88% of Co were leached. The scraps obtained from
spent batteries might contain the electrolyte and/or organic
binders which have been known to reduce the leaching
kinetics [43]. Thus, to improve the leaching efficiency and
rate, it is believed that the pre-treatment for removing the
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electrolyte and/or organic binders, such as thermal treat-
ment, must be conducted. Additionally, the lixiviants and/
or reductants might be consumed to co-extract the impuri-
ties in the scraps such as Al, Cu, and Fe (Table 1). This
undesired consumption of lixiviants might make worse the
leaching performance of lixiviants. Although the effects
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Fig.8 Leaching results on two LCO scraps, synthetic NMC622,
NMC811 scrap, and NCO scrap in the optimized leaching conditions

of the impurities or the pre-treatment for removing the
electrolyte and/or organic binders on the real battery
scrap leaching must be further investigated, it could be
confirmed that the MSA-CA mixed leaching system with
H,0, could be successfully applied for the various cathode
scraps through the applicability tests.

—_ 600 F ] ™ 7/
o0 500 E
< F
A
N’
E 120 v ¢
20
= 100
S wf f . ;
_ “Ideal leaching process
= 60}
g‘ ? * Our stud;
- ur study
2 40f " > (2.4 MSA, 1.6CA)
9 &V
2 20r ‘%_i o
2 me® 4
n": 0F This study (2.4 MSA, 1.6 CA, 1vol% H,0,)
L L L L 1 Y yal

2.4 MSA, 1.6 CA, 1 vol% H,0, (This study)

P4 ® 2.4 MSA, 1.6CA (Our study, Wu 2021)
‘ ® 0.10M CA, 0.02M AA (Nayaka et al., 2015)
® 0.10M CA, 0.02M AA, Microwave (Patil et al., 2020)
A 1.00M CA, 8 vol% H,0, (Yuetal.,2019)
A ¥ 1.20M CA, 0.3M Na2S203 (Gao et al.,2019)

@ 1.25M CA, 1 vol% H,0, (Li et al., 2013)

P 1.50M CA, 0.2M SAA, 6 vol% H,0, (Xu etal.,2021)

® 1.50M CA, 0.4 g/g PAP (Chen et al.,2015)
* 1.50M CA, 0.4 g/g TW (Chen et al., 2015)
® 2.00M CA, 1.25 vol% H,0, (Golmohammadzadeh et al., 2017)
(1 2.00M CA, 0.6 g/g H,0, (Chen et al., 2015)
W 0.IMTA, 0.IMCA, 0.02M AA (Nayaka et al., 2018)
® 0.6M TA, 3 vol% H,0, (Chen etal.,2019)
A 0.6MTA, 10 vol%H,0, (Cheng, 2018)

¥ 0.6M TA, 20 g/L Glucose (Cheng, 2018)

9 0.6MTA, 30 gL AA (Cheng, 2018)

® 1.5M DL-MA, 2 vol% H,0, (Lietal., 2010b)

® 1.5M DL-MA, 2 vol% H,0, (Li et al., 2013)

A 1.5MDL-MA, 0.6 g/g GS (Zhang et al., 2018)
B 1.5ML-AA, 4 vol% H,0, (Lietal., 2013)

® 1.5M SA, 4 vol% H,0, (Li et al., 2015)

A 2M GA, 2 vol% H,0, (Liu et al.,2019)

0 2000 4000 6000
Reagent cost per LCO weight ($/kg)

8000 20000 40000

v IM MA, 1.5 vol% H,0, (Liu et al., 2019)

& 1.52M LA, 4.84 vol% H,0, (Roshanfar et al., 2019)
® 5M MSA, 4.5 vol% H,0, (Wang et al., 2019)

% 1M OA (Zeng etal., 2015)

(Conventional regent)
W 4.0M H,SO, — 10vol%H,0,
@ 2.0M H,S0, - 5vol%H,0,
A 2.0M H,SO, — 5vol%H,0,

(Chen etal.,2011)
(Swain et al., 2007)
(Sun 2011 et al., 2011)

Fig.7 Reagent cost per extracted LCO weight ($/kg) and the leaching process cost per extracted LCO weight ($/kg) of various organic acid

based leaching processes

@ Springer



1464

Mining, Metallurgy & Exploration (2023) 40:1455-1467

Table 3 Extraction efficiencies on two LCO scraps, synthetic
NMC622, NMC811 scrap, and NCO scrap in the optimized leaching
conditions

Type of material Extraction (%)

Li Co Ni Mn
Synthetic LCO 97.5 98.1 - -
Scrap LCO (1) 99.5 98.0 - -
Scrap LCO (2) 94.0 91.2 - -
Synthetic NMC622 99.5 96.2 94.6 86.7
Scrap NMC811 100 92.7 89.8 100
Scrap NCO 97.6 88.9 97.2 -

3.6 Corecovery and LCO Regeneration

Figure 9 shows the SEM images and XRD pattern of the
recovered CoC,0, precipitates, Co;0,, and regenerated
LCO. The MSA-CA leachates obtained from the test using
synthetic LCO was used for the Co and Li recovery tests.
From the MSA-CA leachate containing Co and Li ions,
the Co ions of 99% were selectively recovered into pink-
colored CoC,0, with a columnar morphology of about 2
pm in length. The crystallographic phase of the Co precip-
itates was confirmed to be either crystalline cobalt oxalate
dihydrate or cobalt oxalate as shown in the XRD pattern
(Fig. 9).The selective recovery of Co is attributed to the
higher value of pKj, (i.e., solubility product constants)
of CoC,04 (pK, ¢, : 7.2) than that of Li,C,0, (pK,, 14
: 1.9) [23, 26]. The high recovery efficiency of 99 % in
this study is comparable or superior to previous studies in
Table S1 of supporting materials. To generate the cobalt
oxide as a precursor of cathode materials, the CoC,0, was
calcinated at 400°C for 6 h. Crystallographic phase of the

calcinated precipitates was confirmed to be cobalt (II, III)
oxide (Co;0,) as shown in the XRD pattern (Fig. 9). The
morphology of Co;0, was similar to that of the CoC,0,
with columnar structure (Fig. 9). However, their size was
slightly decreased to ~ 1 pm, and it had mesoporous struc-
ture due to the dehydration and loss of oxygen and carbon
in the CoC,0, as presented in Eq. (10).

3CoC,0, - 2H,0 + 20, — Co;0, + 6H,0 + 6CO,  (10)

Subsequently, the LCO was regenerated as a cathode
material by using the obtained Co;0, and commercial
Li,CO;. The Co;0, was homogenously mixed with com-
mercial Li,CO; using ball milling and the mixture was
sintered at 800 °C for 15 h in air atmosphere. As shown in
Fig. 9, the nano-sized LCO could be regenerated without
unreacted Co;0, or Li,COs;.

3.7 Lirecovery and LFP Regeneration

The Li ions in leachate were recovered into Li;PO, form
using Na,HPO,. To optimize the Li precipitation parameters
in the MSA-CA system, the effects of temperature and pH
were investigated as shown in Fig. 10 (a). The pH of the
leachate was adjusted up to 12 using NaOH and then 0.5 M
Na,HPO, solution was added to the leachate with the 1:0.6
molar ratio between Li* and PO,> ions. The pH value of
0.5M Na,HPO, was around 8 when it was dissolved without
any pH control. The precipitation reaction was conducted
for 30 min. The SEM images inserted in Fig. 10 (a) show
the morphologies obtained at specific recovery conditions.
The Li precipitation efficiencies reached up to 97% at 80°C
and pH 11. Crystallographic phase of the Li precipitates
was confirmed to be Li;PO, as shown in the XRD pattern
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(Fig. 10 (b)). The achieved precipitation efficiency in this
study, 97%, is superior to the previous studies: 93% from the
spent LIBs leachate [44], 93% from the CA leachate [23],
95.8% from the leaching liquor of mixed type spent LIBs
[45], and 98.4% from the H,SO, leaching solution [46]. The
recovered Li;PO, was utilized to synthesize the LFP cathode
materials via the hydrothermal method. The XRD and SEM
analysis results of Fig. 10 (b—d) show that the micro-sized
LFPs composed of nano-sized primary particles could be
generated as a final product from MSA-CA leachate.

Meanwhile, it was observed that the morphology of
recovered Li;PO, was dependent on the recovery conditions.

At the lower pH, Li;PO, of ellipsoid shape with a size of
~10 pm was precipitated. Interestingly, at pH 11, the lith-
ium recovery efficiency was identical (about 97%), but the
morphology changed in response to the pH of the added
Na,HPO, solution. When the 0.5M Na,HPO, solution with
pH 8 was added, flower-like shaped Li;PO, was obtained.
On the other hand, the addition of the 0.5M Na,HPO, solu-
tion adjusted to pH 11 precipitated the spherite Li;PO,. The
morphologies of recovered Li;PO, affected that of LFP syn-
thesized by the hydrothermal method. As shown in Fig. 10
(c, d), the overall shape of LFP was maintained after the
hydrothermal reactions. The morphology of LFP cathode

0.5M Na,PO,
10M NaOH (pH 11)
v

Li precipitation

2.4 M MSA 3M Oxalic acid (60°C)
1.6 M CA, 1 vol% H,0, 10M NaOH (pH 2)
v
LCO Leaching Co precipitation
Cathode 4 & Filtration i & Filtration
T [leachate] [leachate]
- Co*": 65075 ppm - Co**:214 ppm
(92% leaching) (99% recovery)
- Li: 7820 ppm - Li™: 5810 ppm
(95% leaching)
A C0C,0,2H,0
S/L 80 g/L 1:12
85°C 25
60 min 60 min

Regeneration of LiCoO, by solid-state reaction

Calcination
(400°C, 6hr)

g
o

Commercial Recovered
Li,CO4 Co;0,
(Purity 99.8%)

L P
e

Fig. 11 Flowchart of the recycling process of LCO, which was proposed in this study

& Filtration

[leachate]
- Co**:98 ppm
Li*: 114 ppm
(97% recovery)

1:0.6
pH 11
80°C
30 min
Production of LiFePO,
v by hydrothermal method
Recovered Commercial
Li;PO, FeSO,-7H,0
(Purity 98.8%)

@ Springer



1466

Mining, Metallurgy & Exploration (2023) 40:1455-1467

materials has been known as one of the important micro-
structure factors critically affecting the electrochemical
performance of LIBs as well as the mechanical stability of
cathode materials related to the capacity stability [47—49].
Basically, the inherent physical properties, such as the tab
density and surface area, were determined based on the mor-
phology of secondary particles. If the tab density and surface
area of cathode particles are increased, the charge/discharge
capacity and the Li* ion mobility between LiFePO, parti-
cles and the electrolyte would be improved. Therefore, it
is imperative to recover the Li;PO, precursor into optimal
morphology high surface area and high tab density to regen-
erate the LFP with high electrochemical performance. In this
perspective, the recovery conditions achieving high recovery
efficiency as well as optimal morphology have to be investi-
gated further. The evaluation of the relationship between the
electrochemical performance and morphologies of regener-
ated LFP may be required in future research.

Figure 11 is the proposed flowchart showing the recycling
procedure of LCO consisting of leaching, precipitation and
regeneration processes in MSA-CA-H,0, system. The MSA-
CA-H,0, leaching system showed the outstanding results
in terms of Co and Li leaching efficiencies and economi-
cal perspective compared to other organic leaching system.
The 99 % of Co and 97% of Li could be recovered success-
fully from the MSA based leaching system. By utilizing the
recovered materials, the LCO and LFP could be successfully
regenerated.

4 Conclusions

A novel green hydrometallurgical process for LCO recy-
cling using MSA-CA-H,0, mixed organic leaching system
was investigated in this study. Co 98% and Li 97 % were
leached in the optimized condition; 2.4M MSA, 1.6M CA,
1.0 vol% H,0,, S/L ratio 80 g/L, 85 °C, and 1 h. The LCO
dissolution behavior in MSA-CA-H,0, leaching system is
well-explained via the Avrami equation. The experimental
activation energy of Co and Li was 30.58 kJ/mol and 23.11
kJ/mol, respectively, demonstrating it is the mixed controlled
mechanism which combines surface chemical reaction and
liquid film diffusion-controlled mechanism. The optimal
leaching condition of the MSA-CA-H,0, mixed leaching
system exhibited good adaptability to LCO scrap, synthetic
NMC622, NMC scrap, and LNCO scrap. The metal ele-
ments of various cathode scraps were leached over 90%
under the optimal conditions. The dissolved Co and Li
ions in the MSA-CA leachate were selectively recovered
with high recovery efficiency, 99 % and 97 %, as Co;0,
and LisPO,, respectively. The LCO and LFP were success-
fully reproduced by using the recovered Co;0, and Li;PO,
through solid-state reaction and hydrothermal method. The
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economics of the MSA-CA-H,0, leaching system were still
not comparable to conventional leaching systems. However,
the MSA-CA-H,0, leaching system investigated in this
study was one of the most effective organic leaching sys-
tems in terms of metal extraction efficiencies and economic
perspectives compared to various organic leaching systems.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42461-023-00837-8.
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