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The selective leaching of lithium from spent coin-type lithium manganese
dioxide CR cells by oxidative leaching and precipitation of LioCOs from Li-
bearing leach solution has been experimentally and theoretically investigated.
The oxidative leaching experiments were carried out using sulfuric acid in the
presence of potassium permanganate (KMnO,). The dissolutions of lithium,
manganese, nickel, and cobalt were found to be 84.8%, 0.9%, 46.6%, and 9.7%,
respectively. The results demonstrated that a considerable amount of man-
ganese and cobalt remained in the leach residue. The Li-bearing leach solution
was fed to an impurity removal stage. It was observed that a substantial
amount of lithium loss, along with manganese, nickel, and cobalt, was
determined at pH 10. At standard temperature and pressure, the species of
lithium as a function of pH, lithium concentration, and carbonate concentra-
tion was evaluated for the generation of Li;COj3 from the oxidative leach
solution. The results revealed that the precipitation of lithium as lithium
carbonate is thermodynamically feasible from the solution at high pHs.

INTRODUCTION

Lithium is a critical element of modern energy
systems, and has attracted an increasing amount of
scientific attention. It is added to glasses and
ceramics, and serves as an alloying agent in the
synthesis of organic compounds. High-power
lithium batteries are dedicated to aerospace and
military applications and to electric vehicles, while
coin-type lithium manganese dioxide batteries (CR-
type batteries) are widely used in portable electronic
devices, such as watches, calculators, cameras,
computers, radios, sensors, and transmitters, as
well as medicinal applications.?* The batteries are
composed of metallic lithium as the anode and
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manganese oxide as the cathode, lithium salts
(LiAsFg, LiClO4, LiPFg, LiBF,) as electrolytes,
propylene carbonate-dimethoxyethane and 1, 3-
dioxolane as orzganic solvents, and polypropylene
as a separator.”® Not only primary but also sec-
ondary lithium batteries exhibit complementary
electrochemical properties, and their use has sig-
nificantly expanded in recent years, reaching up to
10,000 t/year.>~” CR batteries consist of 1.5-6% Li,
9.5-16% Mn, 34-42% Fe, 10% Cr, 3-6% Ni, and 0.1—
1% Mo for a coin cell of an average weight of 3 g.®°
The batteries are typically discarded as household
waste due to a lack of awareness, but they are
classified as hazardous, toxic, and flammable waste
materials that can cause major environmental
problems.*®1%11 Thus, it is essential to recycle
depleted lithium manganese dioxide batteries in
the scope of environmental responsibility,
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secondary resource conservation, and economic
recovery of valuable metals, such as lithium and
manganese.>'?

Numerous combinations of hydro- and pyro-met-
allurgical routes had been tested to produce elec-
trolytic MnO; from pyrolusite and Mn-Fe ores and
from spent alkaline batteries via pyrometallurgical
reduction to MnO, using coal, hydrogen, and natu-
ral gas, followed by inorganic acid leaching or
magnetic separation, purification, neutralization
with lime, and electrolysis.>*%101325 Ag green
and efficient reagents, organic acids, such as oxalic
and citric acid, have been widely used in hydromet-
allurgical processes for effective manganese recov-
ery from manganese ore, in order to overcome the
drawbacks of conventional pyrometallurgical meth-
o0ds.?® However, these organic acids have resulted in
low metal recovery.'®

Recently, lithium-ion batteries (LIBs) have
attracted attention for the recovery of valuable
metals by selective leaching,?®2 selective precipi-
tation,®’* and solvent extraction.®*3® By using
selective leaching and precipitation, no desirable
metal ion separation has been accomplished. Addi-
tionally, insufficient product purity has been
reached at the cost of considerable reagent usage,
difficult processes, and solid entrainment.?” How-
ever, organic acids, like oxalic acid®® and tartaric
acid,® have exhibited high selectivity for Li over
other metals during the leaching of waste LIBs. The
solvent extraction process has also demonstrated
excellent separation efficiency, which enables the
final product to match the needed fields’ require-
ments. Numerous studies on the co-extraction of Ni-
Co-Mn from pregnant leach solutions have been
conducted by D2EHPA. For example, whereas Ni-
Co-Mn has been taken almost completely into the
organic phase, only 30% of Li has been extracted.*’
Although the extractant Versatic 10 is capable of
separating the transition metal from lithium, it
requires additional extraction stages and alkali
solutions to neutralize the leachate in order to
achieve high pHs.*! The extractant P227 has also
been used to separate heavy rare earth metals and
cathode materials due to its extraordinary chemical
properties, such as excellent separation ability and
saturation  capacity.?>**  Sulfidation—roasting—
leaching for the recovery of Li from LIBs has been
proposed as a novel technology, based on the use of
acidic sulfates ((NH,4)>SO,4, NaHSO,, and MgSO,) to
convert active materials (LiCoOs) into soluble
Li»SO,4 and insoluble Co30,4 via roasting at temper-
atures ranging from 600 to 800 °C. As a result, this
roast product has been processed with water leach-
ing to produce a Li-rich sulfate solution from which
pure Li,CO; precipitates.*®

Although recent studies have concentrated on
metal extraction from spent lithium-ion, alkaline,
and nickel-metal hydrate batteries, no study has
been conducted to extract lithium from spent coin-
type lithium manganese dioxide CR cells via

oxidative leaching. Therefore, this study has inves-
tigated the selective leaching of lithium from spent
coin-type CR cells’ black paste using potassium
permanganate as a strong oxidant in sulfuric acid
solution, leaving a bulky amount of manganese in
the leach residue. In addition, the thermodynamic
possibility of an Li-rich leach solution precipitation
with NayCO3 to obtain a high purity of LiCOg final
product has been theoretically demonstrated.

MATERIALS AND METHODS
Materials

Spent coin-type lithium manganese dioxide CR
cells were generously provided by an Ankara-based
battery collector. Prior to conducting the oxidative
leaching experiments, the cells were crushed to
dismantle the steel casings, using a laboratory-type
jaw crusher. The crushed materials were then
manually sieved through a 1-mm sieve to remove
unnecessary items, such as steel casings, separa-
tors, plastics, and grids from the black paste
containing lithium manganese dioxide. The gener-
ated black paste was dried in a 60 °C oven until the
sample reached a constant weight. The dried mate-
rial was ground manually in a mortar to a particle
size of less than 212 yum. The materials were
homogenized and used in all stages of the study.
The spent, crushed coin cells and ground material
are shown in Fig. 1. X-ray fluorescence (XRF;
Panalytical MiniPal 4), inductively-coupled plasma
(ICP-MS; Perkin Elmer), and atomic absorption
spectrometry (AAS; PinAAcle 900F; Perkin Elmer)
analyses were carried out to assess the chemical
composition of the material. To evaluate the sam-
ple’s mineralogical components, x-ray diffraction
(XRD) analysis was performed using a Bruker D8
Discover system fitted with a Lynxeye detector. The
XRD data were collected over a 15-min period with a
0.02° step size in the 10°-90° range. The Diffrac.-
Suite Eva software with an up-to-date PDF 2
database was used to identify the minerals. The
surface morphology of the lithium manganese diox-
ide black paste and the oxidative leach residue were
determined by field-emission scanning electron
microscopy (SEM).

Methods

Prior to conducting the oxidative leaching exper-
iments, preliminary leaching tests were carried out
in sulfuric acid (HySOy4; Merck, Belgium) solution
according to the Taguchi approach (Table I), which
leads to the obtaining of satisfactory results from a
minimum number of experiments. The effects of
sulfuric acid concentration, leaching time, and
leaching temperature on the lithium, manganese,
nickel, and cobalt dissolutions were determined.
The selective dissolution of lithium from the inves-
tigated sample was examined using potassium
permanganate (KMnO,; Detsan, Turkey) as a
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Fig. 1. Dismantling process: (a) spent coin cells, (b) crushed cells, (c) ground material.

Table I. Experimental parameters with their levels and conditions according to the Taguchi approach [L9

331

Parameters Symbol Level 1 Level 2 Level 3
Acid concentration (mol/L) 1 0.5 1.25 2
Time (min) 2 60 90 120
Temperature (°C) 3 30 60 90
Exp. No Acid concentration (mol/L) Time (min.) Temperature (°C)
E1l 0.5 60 30

E2 0.5 90 60

E3 0.5 120 90

E4 1.25 60 60

E5 1.25 90 90

E6 1.25 120 30

E7 2 60 90

E8 2 90 30

E9 2 120 60

strong oxidant in sulfuric acid solution, leaving
bulky manganese in the leach residue. The oxida-
tive leaching tests were carried out in a 100-mL
Erlenmeyer flask attached to a glass condenser to
minimize evaporation. A magnetic stirrer equipped
with a temperature controller (MTOPS; Ms300 Hs)
was used to agitate the slurry at 400 rpm. Each
experiment began with the mixing of 50 mL of
sulfuric acid at a predetermined concentration with
the required amount of KMnQO,. After bringing the
solution to the required temperature, a 5-g black
paste sample was added at a solid-to-liquid ratio of
1/10 (w/v). Following completion of the leaching
experiment, the slurry was filtered through What-
man 1 filter paper, and the residues were washed
with deionized water. Before washing, the pH of the
pregnant leach solution (PLS) was measured using
a pH meter (Hach, HQ40d) coupled with a pH probe
(IntelliCAL PHC 28,101). The collected solutions
were measured and analysed by AAS and ICP-MS.
The dissolution percentages of the metals were
calculated based on Eq. 1. To prevent ion interfer-
ence during the AAS analyses, standard solutions
and leachate dilutions were prepared in potassium
chloride (KCl; Merck) at a concentration of 1 g/L.

The chemicals were of analytical grade and used
without any purification. Deionized water was used
for dilutions.

)7Ct*VF «
7W0*H0

where C; is the metal concentration in the leachate
(mg/L), Vz is the volume of the analyzed leachate
(L), Hy is the metal concentration in the feeding
(mg/kg), and W is the weight of the feeding sample
(kg).

Li-bearing liquors recovered from the oxidative
leaching studies were subjected to impurity removal
tests in the conditions determined to be optimum. A
typical impurity removal experiment was conducted
at 25 °C using 50 mL of the solution heated in a
glass beaker using a temperature-controlled mag-
netic stirrer. Aluminium foil was used to cover the
glass beaker during the experiment. The precipitat-
ing agent (NaOH; Merck) was added gradually with
a syringe while stirring at a speed of 250 rpm once
the solution reached the desired temperature. The
addition of NaOH precipitated the solution in
hydroxide form, increasing the pH of the solution,
which was measured using a pH meter. After the

Dissolution (% 100 (1)
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precipitation experiment, the slurry was filtered
and the precipitate was rinsed in deionized water to
remove any remaining contaminants. The collected
solutions were measured and analyzed by AAS and
ICP-MS. The precipitation percentage of the metal
values was calculated based on Eq. 2.

[C; x Vi — (Cp x Vg + Cw * V)]

Precipitation ) (%) = C iV
1* VI

x 100
(2)

where M is the metal, C;, Cr, and Cy are the test
solution, filtrate, and wash liquor concentrations
(mg/L) of the lithium, and V;, Vg, and Vy are the
test solution, filtrate, and wash liquor volume (L),
respectively.

RESULTS AND DISCUSSION
Materials Characterization

The sample with a predetermined mass was
completely dissolved in aqua regia (HCI:HNO; =
3:1, volume ratio) to reveal the basic metal compo-
sition through AAS and ICP-MS. Although the
carbon content was not calculated, it was observed
that the carbon material, which is characteristic of
lithium-ion batteries, floated on the aqua regia
solution for a while due to its hydrophobic nature.
In particular, XRF analysis was also performed to
determine the major Mn content. The basic metal
contents of the lithium manganese dioxide black
paste are shown in Table II.

The morphological properties of the material were
investigated by SEM analysis. As can be seen from
the micrograph in Fig. 2, the powder consists of
homogeneous and dispersed amorphous particles,
with sizes ranging from 0.5 to 22 ym with an
average size of ~ 7 um. The particle sizes were
revealed by WipFrag 4 image-based granulometry
software using SEM micrographs. The morpholog-
ical properties of the material are similar to the
spent battery pastes in previous studies.*”*?

The XRD spectrum of the material showed that
the black paste mainly contained graphite (PDF
card No.: 89-7213), lithium manganese oxide (PDF
card No.: 44-0147), and lithium nickel oxide (PDF
card No.: 85-1982) compounds (Fig. 3). The broad-
ening peaks in the XRD spectrum indicate halo
structures, which show that the material contains
an amorphous phase.

Table II. The metal contents of the lithium
manganese dioxide black paste

Element Li Mn Ni Co

wt.% 3.85 35.6 0.17 0.02

Leaching Experiments Without Oxidant

The dissolution of valuable metals from the
Lip3sMnO, and Lig 55Mng 55(NiOg) materials during
sulfuric acid leaching can be explained by the
following reactions (Egs. 3-9), indicating that these
reactions occur spontaneously. The standard free
energy (AG°s95 = — 779 kd/mol), enthalpy (AH®95=
834 kJ/mol), and entropy (S°9g = 80 J/K mol) val-
ues of the LiMnQOs, at 25 °C were calculated based on
density functional theory.*® In order to maximize
the dissolution of lithium while minimizing the
leaching of manganese, nickel, and cobalt impuri-
ties, the suitable experimental conditions were
selected to be a sulfuric acid concentration of
1.25 M, leaching time of 60 min, and leaching
temperature of 60 °C (E4 conditions). The experi-
mental results of the preliminary leaching tests are
given in Table III.

LiMnOs(s) +4H" (aq) + e~
= Li* (aq) + Mn®*"(aq) + 2H,0(1) (3)
AGSp3 = —269.772kJ

2Li(s) + 2H,0(l) = 2LiOH(s) + Hy(g)

4

AGSy; = —403.642kJ 4

LiOH(s) + H' (aq) = Li" (aq) + H20(I) (5)
AGSy, = —91.325kJ

LigO(s) + 2H" (aq) = 2Li* (aq) + HoO(l) 6)

AG3y; = —260.529KkJ

B — 10 pym — e

/27/2022 HV HFW pressure mag O WD det @
= Cukurova University

J :35:13 PM | 20.00 kV | 82.9 ym | 3.35e-4 Pa | 5000 | 11.1 mm | ETD

Fig. 2. SEM image of lithium manganese dioxide black paste.
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Fig. 3. XRD pattern of lithium manganese dioxide black paste.

Table III. Experimental results of preliminary leaching tests

Exp. No Li dissolution (%) Mn dissolution (%) Ni dissolution (%) Co dissolution (%) pH (+ 0.05)
E1l 66.8 4.9 34.7 13.6 1.82
E2 76.8 9.8 44.2 15.1 1.73
E3 79.2 11.0 46.5 16.7 2.19
E4 93.0 13.3 46.6 19.5 0.69
E5 96.4 22.1 54.4 42.6 0.54
E6 90.9 8.8 45.3 13.3 0.47
E7 99.0 20.2 49.8 38.9 0.17
E8 86.6 7.7 43.9 14.5 0.16
E9 93.8 21.5 51.6 32.5 0.13

MnOs(s) + 4H" (aq) + 2¢~ = Mn*' (aq) + HyO(l)
AGSys = —234.549kd

(7)

NiO(s) + 2H" (aq) = Ni** (aq) + Hz0(l) @®)
AG3y3 = —70.757kdJ

CoO(s) + 2H" (aqg) = Co*" (aq) + Hy0(1) ©)

AGSp; = —76.945Xk]

Figure 4 shows the values obtained by converting
the experimental results to the S/N ratio using the
Taguchi approach. The S/N ratio values show that
the most effective parameter for Li dissolution is
determined as the HySO4 concentration. Depending
on the S/N ratio, the efficacy of the experimental
parameters was ordered as follows: H,SO,4 concen-
tration > reaction temperature > reaction time.

Considering the S/N ratios established for Mn, Ni,
and Co dissolutions, the better results are obtained
at the lowest parameter values, in accordance with
the “smaller is better” approach.

These findings are in good agreement with the
contribution ratio (C-Ratio) that indicates the ratio
of effect of each parameter on the leaching perfor-
mance of Li, Mn, Ni, and Co. The C-Ratio value was
determined based on analysis of variance, which is
inserted into the online supplementary material
(see supplementary Table S1). The C-Ratio values
for the Li dissolution were 80.12% and 17.37% for
the acid concentration and time, respectively. The
effect of temperature was negligible for the Li
extraction (C-Ratio value: 0.54%). Similar results
were determined for the Mn dissolution from the
sample, for which the C-Ratio values of acid con-
centration and time were determined as 31.16% and
54.61%, respectively, while temperature had a
minimum effect on the Mn extraction, with a C-
Ratio value of 0.43%. Furthermore, acid
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Fig. 4. S/N values for dissolution: (a) lithium (larger is better), (b) manganese (smaller is better), (c) nickel (smaller is better), and (d) cobalt

(smaller is better).

concentration and time had strong effects on the Ni
and Co extractions from the sample.

Leaching Experiment with Oxidant (KMnOQO,)

At 60 °C and a solid-liquid ratio of 1/10, oxidative
leaching experiments were conducted in 1.25 M
sulfuric acid solutions in order to determine the
influence of the quantity of KMnO,4 on the separa-
tion of lithium from manganese. The oxidant con-
centration ranged from 0.025 to 0.075 M. The
experimental results are illustrated in Fig. 5, show-
ing that the manganese and cobalt dissolutions
were significantly decreased with increasing
KMnO, concentration, while the lithium dissolution
(84.8%) was slightly lower than when no oxidant
was added (93%) (Table III, E4 conditions). In
contrast, the rise in oxidant concentration kept the
nickel dissolution constant (46.6%). In the present
work, solution-phase oxidation is represented as the
interaction of aqueous-phase manganese ions with
the oxidant to form the manganese solid phase
(Eq. 10). E° values for cobalt (III) to cobalt (II) are
greater than E° values for permanganate anion to
manganese (II). Therefore, permanganate ion can
theoretically be utilized as an oxidant to separate

manganese from cobalt (Eqs. 11 and 12). The
manganese dissolution in the absence of oxidant
was 13.3%. The decrease in dissolving was more
dramatic with manganese, as demonstrated by the
fact that 0.9% of manganese was dissolved in the
presence of 0.075 MKMnQO,. During the leaching
procedure, divalent manganese was oxidized into its
trivalent or tetravalent species. The cobalt dissolu-
tion, on the other hand, was significantly decreased
to 9.7% from 19.5% when the KMnO, concentration
increased up to 0.075 M. This is a result of cobalt
adsorption on fine MnO; particles or oxidation of
divalent cobalt into its trivalent state. In the
oxidative leaching experiments, the current
researchers expected that the lithium dissolution
percentages would remain constant, whereas man-
ganese and cobalt concentrations gradually
decreased. However, we observed that potassium
permanganate has in particular a reverse effect on
lithium dissolution at low concentration (0.025 M).
This is due to the adsorption of lithium ions onto the
bulk of the MnQO, particles in the sample. The
lithium dissolution is significantly decreased, 62.7%
from 93%, and then slightly increased up to 84.8%
at a 0.075-M KMnO, concentration. The optimal
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Fig. 5. Dissolution percentages of metals versus KMnO, concentration under the E4 conditions: acid concentration: 1.25 M, leaching time:

60 min, leaching temperature: 60 °C.
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Fig. 6. SEM image of lithium manganese dioxide black paste after
oxidative leaching under the optimum leaching conditions.

conditions for the selective leaching of lithium were
determined to be 1.25 M sulfuric acid and 0.075 M
KMnOy4 at 60 °C with a solid-to-liquid ratio of 1/10
and a leaching time of 60 min. Figure 6 shows the
SEM images of lithium manganese dioxide black
paste after the oxidative leaching experiment under
the optimum conditions. Compared with the lithium
manganese dioxide black paste in Fig. 2, the surface
morphologies of the leached residue have plenty of
pores of different sizes. Supplementary Table S2
shows the assay of the oxidative leaching results
obtained under the optimum conditions.

1.5Mn?" (aq) + MnO, (aq) + Hz0(1)
= 2.5MnOy(s) + 2H" (aq) AG5y; = —141.638kJ

(10)

MnOj (aq) + 8H" (aq) + 5e~
< Mn*"(ag) + 4H,0() E° =151V (11)

Co*"(aq) + e «— Co*"(aq) E°=195V. (12)

Impurity Removal from Li-Bearing Oxidative
Leach Liquor

Before considering the lithium carbonate precip-
itation experiments, the impurity removal stage is
essential to achieve a clean Li-bearing solution. The
removal of impurities from the pregnant leach
solutions collected from the oxidative leaching with
potassium permanganate under the determined
optimum conditions was carried out using 5 M
NaOH at a temperature of 25 °C and pH of 10.
The period of the precipitating agent addition was
15 min followed by 60 min of aging time at 250 rpm
stirring speed. Supplementary Table S3 shows the
assay of the impurity removal stage using sodium
hydroxide, and, as can be seen, the manganese,
nickel, and cobalt were completely removed from
the leach solution at pH 10. A substantial amount of
lithium losses was observed during the impurity
removal tests, which is ascribed to the adsorption of
Li* on the finest manganese particles. The precip-
itation reactions of the lithium, manganese, nickel,
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Fig. 7. Effect of temperature on equilibrium constants (HSC
Chemistry 6.0 software).

and cobalt can be written according to Eqs. 13-16.
Useful for the recovery of metal hydroxides, Fig. 7
depicts the equilibrium constants (log K) for the
precipitation of lithium, manganese, nickel, and
cobalt as a function of temperature over the range
0-100 °C. At 25 °C, the values of log K are seen to be
in descending order: Co(OH); Ni(OH)y >
Mn(OH), > LiOH. Figure 7 reveals that a high
pH value requires precipitating Li* in a LiOH form
due to the low value of log K.

Mn*"(aq) + 2NaOH(aq) = Mn(OH),(s)

(13)
+2Na'(aq) AG5gs = —163.052kJ
Ni?"(aq) + 2NaOH(aq) = Ni(OH),(s) 14)
+2Na'(aq) AGjgs = —176.505kJ
Co**(aq) + 2NaOH(aq) = Co(OH),(s) (15)
+2Na*(aq) AG5es = —178.845kJ
Li*(aq) + NaOH(aq) = LiOH(s) 4+ Na* (aq)
AGs5gs = —33.649kJ
(16)

After the impurity removal stage, the collected
solution can be fed to the lithium carbonate precip-
itation section, which will be presented at a high
temperature in further studies of this research
group. The sodium carbonate addition is calculated
as the times of stoichiometric sodium carbonate
requirement for the total molar concentration of
lithium ion in the PLS to precipitate as carbonate.
In order to accelerate the precipitation of lithium, a
seed addition can be considered in the Li-bearing
leach solution. The precipitation reactions of the
lithium are written according to Eqs. 17 and 18.

[Li*]ToT = 427.00 mM
@

[CO5% lpop = 201.30 mM

Log Conec.

[CO32)ror = 201.30 mM

()

Log Conc.

0o 200 400 600 800

[Litlror = 427.00 mM

© [ .. OH-

ILLog Conc.

o 100 200 300 400 500 600
[CO3%)or ™M

Fig. 8. Speciation diagrams: (a) Li as a function of pH using 427 mM

of lithium and 201.3 mM of carbonate; (b) Li as a function of Li*

concentration using an excess amount of carbonate; and (c) Li as a

function of carbonate using 427 mM of lithium (MEDUSA/HYDRA

Software).

NayCOs(s) = 2Nat(ag) + CO2 (aq) AGsg
= —3.610kJ (17)

2Li" (aq) + CO5 (aq) = LisCOs(s) AG3s
= —27.486kJ (18)

To determine the thermodynamic viability of
various aqueous species, the species of lithium as
a function of pH, lithium concentration, and car-
bonate concentration was assessed at standard
temperature and pressure using Medusa-Hydra
software. Lithium species can exist in the pH range
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Spent coin type CR cells collection

Battery dismantling (crushing & separation & grinding)

Black paste (Li: 3.85%, Mn:35.6%, Ni: 0.17%, Co:0.02%)

Oxidative leaching (H>SO4:1.25 M, T: 60 °C, t: 60 min, S/L: 1/10, KMnOy: 0.075 M)

Assay of the PLS: Li:4065 mg/L, Mn:6305 mg/L, Ni:124.2 mg/L, Co:0.76 mg/L

Impurity removal stage with NaOH (pH:10, T: 25 °C, t:60 min)

Assay of the PLS: Li:2795 mg/L, Mn:<0.001 mg/L, Ni:<0.001 mg/L, Co:<0.001 mg/L

Lithium precipitation stage with Na,COj3
(considering stoichiometry for Na,;COj; addition, T:90 °C)

Li>CO;3; powder |

———————a

Fig. 9. Proposed possible flow chart for Li,CO3 production from spent coin-type CR cells; dashed line further studies on the oxidative leach

solution.

0-14 when lithium and carbonate concentrations
are 427mM and 201.3 mM, respectively, as
depicted in Fig. 8a. Because of the concentration of
PLS in the leachate and the stoichiometric ratio, the
lithium and carbonate concentrations are calculated
to be 427 mM and 201.3 mM, respectively. Fig-
ure 8b illustrates the speciation behavior of lithium
as a function of Li* concentration when using an
excess amount of carbonate and a pH range of 0-14.
Figure 8c indicates the speciation behavior of
lithium as a function of Li* concentration, when
an excess amount of carbonate is used with respect
to 427 mM lithium in entire ranges of the pH. As
the pH increases to 14, the concentrations of H,CO5
and HCOj3;™ drop, and the potential for lithium
precipitation in the form of lithium carbonate
reaches its maximum. Therefore, the precipitation
of lithium as lithium carbonate is thermodynami-
cally feasible according to the MEDUSA/HYDRA
and HSC Chemistry software results. A possible
flowsheet for the production of Li,CO3; from spent
coin-type CR cells is demonstrated in Fig. 9. The
selective leaching of lithium from the spent cells,
leaving a bulky amount of manganese in the
residue, was excellently achieved by oxidative
leaching. The produced PLS at optimum conditions
was subjected to an impurity removal stage with
sodium hydroxide. It was determined that the
selective precipitation in this stage has not been
observed, as a substantial amount of lithium is
precipitated along with manganese, nickel, and
cobalt. In the last stage, the lithium precipitation
as a form of Li;CO3 was evaluated by the MEDUSA/

HYDRA and HSC Chemistry software, and it was
found that the precipitation of LisCOg is thermody-
namically feasible at high pH values. Based on
these experimental results, a possible flow chart is
proposed for this study.

CONCLUSION

Lithium recovery from lithium manganese diox-
ide black paste dismantled from spent coin-type CR
cells has been investigated. In accordance with the
Taguchi approach, dissolution values were inter-
preted according to the S/N ratios, in which the
philosophy was “larger is better” for Li dissolution
and “smaller is better” for the other element
extractions. As a result of oxidant-free leaching
with sulfuric acid, 93% of the lithium was taken into
the leach solution, along with 13.3% Mn, 46.6% Ni,
and 19.5% Co under optimum conditions: sulfuric
acid concentration of 1.25 M, leaching time of
60 min, and leaching temperature of 60 °C. Notably,
the Mn dissolution value decreased to 0.9% from
13.3% with the addition of 0.075 M KMnO, oxidant.
After oxidative leaching, the manganese, nickel,
and cobalt were completely removed from the leach
solution at pH 10. The final Li-bearing liquor was
determined to be 2795 mg/L Li content. For Li;CO5
production, the speciation of lithium as a function of
pH, lithium concentration, and carbonate concen-
tration was evaluated at standard temperature and
pressure, using Medusa-Hydra software. The
results proved that the precipitation of lithium as
lithium carbonate is thermodynamically feasible. In
the light of these experimental and theoretical
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findings, a possible flow chart has been proposed.
Homogeneous and heterogeneous reactive crystal-
lization techniques will be applied to the pure
Li,SO, solution to produce LioCOs5 in future studies.
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