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Abstract: An electric field enhanced leaching process was proposed to improve the leaching efficiency in the process
of extracting Li, Ni, Co and Mn from waste lithium ion batteries. The leaching process was optimized and the leaching
mechanism was studied by means of leaching experiments, product characterization and leaching kinetics. Under the
optimized leaching conditions, more than 98% Li, 97% Ni and Co and 93% Mn were leached into the solution. The
study of leaching kinetics shows that the leaching process of Li, Ni, Co and Mn is controlled by chemical reaction based
on nuclear reduction model, and the activation energy of leaching is determined to be 42.4, 46.1, 46.2 and 47.3 kJ/mol,
respectively. During the leaching process, the application of electric field provides a convenient channel for
the recycling of Fe** and Cl™ in the solution, reduces the amount of reducing agent added, and ensures high metal
leaching rate.
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There are many recycling methods for valuable
metals from spent LIBs, which can be broadly
categorized as pyrometallurgical and
hydrometallurgical — processes [5,6]. Typical
pyrometallurgical approaches involve crushing,
roasting, oxide reduction, and refining and
separating metals [7]. However, these processes

1 Introduction

With rapid development of new electric
vehicle, the installed capacity of lithium-ion battery
(LIB, LiMnOs, LiCoO,, LiNi.Co,Mn;-,-,0,, and
LiFePO4) has greatly increased usage [1].

Consequently, there has been dramatic increase in
the number of spent LIBs due to their limited life
span. LIBs contain metals (5-20% Co, 5-10% Ni,
and 5% Li), electrolyte (15%), and plastic (7%),
with compositions varying between manufacturers
and end user [2—4]. Inappropriate spent LIB
management poses significant biological and
environmental health risk, whereas spent LIBs
comprise a valuable waste resource, with potential
for significant economic benefit by recovering the
major components.

have many shortcomings, including high energy
consumption, low metal recovery rate, and
particular difficulty to recover lithium [8]. In
contrast, hydrometallurgical processes achieve
higher metal recovery rates and lower energy
consumption, and hence have become popular spent
LIBs recycling technologies, where leaching is a
key step [9]. Inorganic acid leaching [10—14],
organic acid leaching (e.g. citric, oxalic, lactic
acids, etc. [15,16]), ammonia leaching [17], and
bioleaching [18] are key technologies to extract the
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valuable metals from spent LIBs. However, only
sulfuric acid leaching has been industrialized, and
more efficient reducing agents are required to
enhance metal leaching [19]. H,O, is the most
common reducing agent, but suffers from poor
stability, high price and difficult long-term
storage [20]. No reducing agent is required when
leaching with HCI [21] due to CI” reducibility, but
HCl is volatile and corrosive.

Various chloride components have been
proposed as reducing agents, e.g. NaCl and NH4Cl,
for non-hydrochloric acid systems to avoid these
problems. For example, DUTTA et al [22] used
ammonium chloride as the reducing agent in a
sulfuric acid system to extract Li, Ni, Co and Mn
from spent LIBs, achieving leaching rates more
than 97% for these metals under 2.5 mol/L H>SO4
and 0.8 mol/L NH4Cl conditions. However,
leaching must be performed in a high acid system to
ensure high metal leaching rates and throughput,
which greatly increases workloads for subsequent
treatments.

Electric field enhanced leaching offers high
leaching efficiency, inexpensive operation and
environmental friendliness. Hence, various such
systems have been employed to extract metals from
solid materials [23], including vanadium leaching
from converter slag [24], manganese leaching
from furnace dust [25], copper leaching [26],
gold leaching, and heavy metal-polluted soil
remediation [27].

However, no previous study has reported
enhanced Li, Ni, Co, and Mn extraction from spent
LIBs using electric fields. Therefore, in this work,
applied electric field effects on leaching processes
considering processing conditions, and leaching
kinetics and mechanisms were investigated,
providing reference points to efficiently extract
valuable metals from spent LIBs.

2 Experimental

2.1 Pretreatment for spent LIBs

The spent LIBs used in the experiments were
supplied by Hunan Ye Xiang Technology Co., Ltd.
(Changsha, China). First, the spent LIBs were
discharged in 5% NaCl solution to avoid
self-ignition and explosion caused by battery
residual voltage. Second, the cathode electrodes of

spent LIBs were collected by manual disassembly
and cutting of the cathode electrodes into small
pieces of about 2 cm x 2 cm. Then, the cut pieces
were placed in a muffle furnace and kept at 400 °C
for 2 h. The samples were cooled down to room
temperature and the active substance powders were
removed from the aluminum foil current collector.

2.2 Leaching of active substance powders

Figure 1 shows the enhanced leaching
experiment equipment, including a beaker immersed
in a constant temperature water bath with magnetic
stirring. Both anode and cathode electrodes for all
leaching experiments were graphite and powered by
a DC power supply. The electrodes were welded
with a plastic isolated copper wire, and sealed with
epoxy resin, leaving only 16 cm? (4 cm x 4 cm) as
the working area. The required cathode active
material dosage, NaCl, and FeSO4 were estimated
and added to a designated volume of dilute
H,SO, solution at a fixed temperature. The power
supply was then turned on and the current was
adjusted to the desired level. Agitation was set to
600 r/min for all leaching experiments. The slurry
was agitated with a magnetic stirrer for a specific
time period, followed by filtration. Leaching rate
(nme) for the target metals was calculated as

Co V. .
e = —= 1994 5 100% (1)
M- Wy

where Cme is the concentration of metal ions in the
leachate, Vigua is the volume of leachate, m
represents the mass of the cathode powder, and wwe
represents the mass fraction of metal in cathode
powder.

Fig. 1 Leaching experiment setup: 1-Magnetic stirring
water bath; 2—Closed electrolytic cell; 3—Magnetic rotor;
4—FElectrodes; 5—Pulp; 6—Constant current power supply
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2.3 Characterization

Concentrations for Li*, Ni**, Co?" and Mn?' in
leachate were measured by ICP-OES (iCAP 7400,
China), with mean composition of 29.6%, 7.03%,
16.7% and 11.5% for Ni, Li, Mn and Co,
respectively, with other metals (Cu, Al and Fe) less
than 0.2%. X-ray diffraction (XRD) patterns were
measured using a Bruker X-ray diffraction with Cu
K, radiation at 30 mA and 30 kV, with 26 of 5°-70°.
Scanning electron microscope (SEM) images were
obtained using an FEI-TESCAN microscope.

3 Results and discussion

3.1 Effect of parameters on leaching process
3.1.1 H»SO4 concentration

Figure 2 shows effects of H,SO4 concentration
(0.5-3.0 mol/L) on metal leaching from spent LIBs
at 80 °C, 80 g/L solid-to-liquid (S/L) ratio, 20 g/L
NaCl, 200 A/m?> current density, and 0.1 mol/L
FeSO4 for 60 min. All metal leaching rates
increased with increasing H>SO4 concentration.
Chemical valences for Co and Mn in ternary NCM
materials are +3 and +4, respectively. MnO, and
Co0,05 exhibited stronger oxidation capacity in high
acid systems, following their E—pH diagrams [28],
which is beneficial to enhancing reduction by Fe?*
and CI', and hence increased metal leaching rate.
Increasing H,SO4 concentration could also increase
collision frequency between leaching agent and
cathode material powders, increasing the leaching
rate [29]. Leaching rates for Li, Ni, Co and Mn
reached 98.2%, 97.1%, 96.3% and 93.2%,
respectively, for 2.0 mol/L. H,SO4, then remained
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Fig. 2 Effects of H>SO4 concentration on metal leaching
rate (80 g/L S/L ratio, 80 °C, 200 A/m? current density,
0.1 mol/L FeSOs, and 20 g/L NaCl for 60 min)

unchanged with further H,SOs concentration
increasing. Therefore, 2.0 mol/L sulfuric acid was
suitable for leaching.
3.1.2 Current density

Figure 3 shows metal leaching rate with
respect to current density. Leaching valuable metals
from active materials could work even without
applying an electric field, due to Fe**and CI
reduction. However, leaching rate increased
significantly by applying an electric field. That may
be because newly formed Fe*" was reduced to Fe?*
again on the cathode surface, which re-engages it in
the leaching reaction and thus contributes to the
increased metal leaching rate. Maximum metal
leaching rates were achieved at 200 A/m?. However,
the leaching rate tends to fall away with further
current density increase, which may be because
Mn?* in solution is oxidized to MnO; on the anode
surface, and Ni** and Co?' in solution are reduced
to Ni and Co on the cathode surface at high current
densities. Therefore, 200 A/m? of current density
was suitable for leaching.
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Fig. 3 Effects of current density on metal leaching rate
(2.0 mol/L H,SO4, 80 °C, 80 g/L S/L ratio, 0.1 mol/L
FeSO4 and 20 g/L NaCl for 60 min)

3.1.3 Leaching temperature

Figure 4 shows that metal leaching rates
increase with increasing leaching temperature. That
may be attributed to reduced redox potential for
CL/CI" as temperature increased, which also
increased overlapping voltage between Cl/Cl and
MnO»/Mn?*" as well as Co(OH)3/Co**, and enhanced
Co(II) and Mn(IV) reduction in solid oxide phase
to Co(Il) and Mn(Il) [30]. Leaching reactions are
endothermic, hence increased temperature increases
leaching rate [5]. Average molecule kinetic energy
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increases with increasing temperature, causing more
frequent and energetic collisions between molecules,
and hence increased the leaching reaction efficiency.
Maximum metal leaching rates were 98.2%, 97.1%,
96.3% and 93.2% for Li, Ni, Co and Mn, at 80 °C
respectively. However, metal leaching rates tended
plateau for temperature above 80 °C, hence 80 °C
was optimal for leaching.
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Fig. 4 Effects of temperature on metal leaching rate
(2.0 mol/L H,SO4, 80 g/L S/L ratio, 200 A/m? current
density, 0.1 mol/L FeSO4, and 20 g/L NaCl for 60 min)

3.1.4 NaCl concentration

Figure 5 shows the metal leaching rates
regarding NaCl concentration. The leaching rates of
metal showed a gradual upward trend with the
increase of NaCl concentration. That may be
because increasing NaCl concentration increases
the chloride ion concentration, which can react with
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Fig. 5 Effects of NaCl concentration on leaching rate of
metals (2.0 mol/L H,SOs4, 80°C, 200 A/m> current
density, 0.1 mol/L FeSO4 and 80 g/L S/L ratio for
60 min)

cathode materials, promoting metal leaching from
spent LIBs. In addition, CI” is discharged at the
anode first, which can reduce the amount of Mn
oxidized at the anode [16]. The leaching rates of
metal reached the maximum when the NaCl
concentration was 20 g/L.. However, the leaching
rate of Ni, Co and Mn tended to be unchanged
when the NaCl concentration was higher than
20 g/L. Therefore, 20 g/LL NaCl was suitable for the
leaching process.
3.1.5 FeSOs concentration

The results of metal leaching rate from spent
LIBs to the FeSOs4concentration are shown in
Fig. 6. Leaching rates for Ni, Co and Mn increased
with even small increased FeSOs; concentration
due to Fe?" reducibility. Fe*" can promote the
conversion of Cl, which is generated during
leaching into CI” (Eq.(2)) and then reduce the
chlorine spillover to realize the recycling of
chlorine in solution. When an electric field is
present, newly formed Fe®" is discharged at the
cathode in preference to H' and converted to Fe**
on the cathode surface (Eq. (3)), which enables the
recycling of Fe?" and also helps to retain higher
solution acidity [21]. Over 98% Li, 97% Ni, 96%
Co, and 93% Mn can be leached when the
FeSO, concentration was 0.1 mol/L. There is little
change in the metal leaching rates with further
increased FeSOy concentration. Therefore, 0.1 mol/L
FeSO4 was suitable for the leaching process.

Cl,+2Fe*=2Cl +2F¢** (2)
Fe¥*+e=Fe* 3)
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Fig. 6 Effects of Fe*" concentration on leaching rate of
metals (2.0 mol/L H,SO4, 80°C, 200 A/m? current
density, 80 g/L S/L ratio, and 20 g/L NaCl for 60 min)
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3.1.6 Solid-to-liquid ratio

Figure 7 shows that metal leaching rates for all
considered metals remained relatively constant for
S/L ratio <80 g/L, and reduced with increasing S/L
ratio (>80 g/L). Increased S/L ratio reduces the
effective surface area for each particle in the unit
volume to take part in the reaction and hence
weakens metal leaching; whereas lower S/L ratio
helps acid molecule diffusion from the solid/liquid
interface to the bulk solution, promoting the
leaching [17]. Thus, almost all metals could be
leached out for S/L ratio of 80 g/ which was
selected as the optimum condition.

3.2 Apparent kinetics of leaching

Figure 8 shows timelines for metal leaching
rates at different leaching temperatures. Metal
leaching rates gradually increase with prolonged
leaching time, with shorter leaching time required
to reach maximum leaching rate at higher
temperatures. Maximum leaching rate was achieved
for all metals after leaching for 60 min at 80 °C.
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Fig. 7 Effects of solid—liquid ratio on leaching rate of
metals (2.0 mol/L H,SO4, 80°C, 200 A/m? current
density, 0.1 mol/L FeSOs, and 20 g/L NaCl for 60 min)

The leaching process includes reactive ion
diffusion within the liquid film surface, then the
subsequent diffusion into the inner core surface, and
reactions on the inner core surface. Following
the previous studies [31,32], the chemical reaction
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Fig. 8 Effect of temperature on leaching rate of metals at different time intervals: (a) Li; (b) Ni; (c) Co; (d) Mn
(2.0 mol/L H,SO4, 80 g/L S/L ratio, 200 A/m? current density, 0.1 mol/L FeSOu, and 20 g/L NaCl)
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control model (Eq. (4)), diffusion control model
(Eq. (5)), logarithmic rate law model (Eq. (6)), and
Avrami equation model (Eq. (7)) were applied to
analyzing the leaching mechanisms [33].

1-(1-x)" =k, )
1_§x_(1_x)2“ =yt 5)
[~In(1—x)] =kt (6)
In[-In(1-x)]=1Ink, +nlnt 7

where x is the leaching rate of metal corresponding
to leaching time ¢, and k., ks, k. and kq represent the
rate constant of chemical reactions.

As shown in Fig. 9, the data of the leaching
process on kinetics fitted well to the Avrami
equation model, which is evident from the high R?
values (>0.98). The Arrhenius equation (Eq. (8))
can represent the relationship between specific rate
constant and temperature, and hence the activation
energy can be estimated. As shown in Fig. 10, the
leaching activation energy of Li, Ni, Co and Mn
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during leaching was estimated as 42.4, 46.1, 46.2,
and 47.3 klJ/mol, respectively. They are all over
40 kJ/mol, which is typical for chemical reaction
controlled processes.

k= Aexp —E, (8)
RT

where k represents the rate constant of reaction,

A and E, represent the frequency factor and

apparent activation energy, respectively, 7" is the

thermodynamic temperature, and R represents the

molar gas constant.

3.3 XRD patters of samples

The XRD patterns of the electrode powders
used in the experiments before and after leaching
are shown in Fig. 11. The original sample exhibits
the characteristic LiNigsCo02Mng 30, peak, with
significantly weak peaks after leaching. That may
be due to collapsing LiNipsC0o2Mng30, layered
structure by leaching agent erosion during leaching,
reducing the residue phase crystallinity. Some
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Fig. 9 Avrami equation model fitting parameters of metal elements during leaching process: (a) Li; (b) Ni; (c) Co;

(d) Mn
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Fig. 10 Arrhenius fitting for Li, Ni, Co and Mn during
leaching process

heterogeneous peaks appear in the leached residue,
which is the characteristic of MnO, and consistent
with results from lower Mn leaching rate during
leaching.

To clarify the microscopic morphological
changes in the samples before and after leaching,
SEM tests were carried out and the results are shown

* % — LiNi, sCo, ,Mn, 50,
V= MnOZ
* Raw sample
- - £

K Y X Leaching residue

10 20 30 40 50 60 70
20/(°%)

Fig. 11 XRD patterns of leaching residues and raw
sample

in Fig. 12. It can be seen that the microscopic
morphology of the sample changes before and after
leaching. Before leaching, the sample comprised
well-defined spherical particles that can be resolved
in accumulation of much finer primary particles at
higher magnification. However, the sample comprises
amorphous particles with a loose structure after

Fig. 12 SEM images of sample before (ai, a,) and after (b1, b2) leaching



Jian YANG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 632—-641 639

leaching and these agglomerates do not change
morphology at higher magnification. Combined
with the results of the XRD pattern analysis of the
leached residue, it can be deduced that the main
composition for the loose amorphous particles is
MnO,. The poor crystallinity of the amorphous
particles leads to a weakening of the characteristic
peaks in the corresponding XRD pattern, which is
consistent with the XRD pattern of the residue
phase.

3.4 Leaching mechanism

Normally, CI” acts as a reducing agent during
leaching and reacts with LiNig5C002Mng30..
However, leaching reactions produce enormous
Cl; that overflows from the solution. Introducing
Fe?" can reduce Cl, overflow based on the redox
reaction and maintain CI” concentration in
solution at a high level. Applying an external
electric field reduces formed Fe®* to Fe?' on the
cathode surface, realizing Fe** reuse. Therefore, the
H,SO4+NaCl+FeSO4 synergistic leaching system
can realize CI™ and Fe?* recycling by introducing an
electric field, reducing agent dosage while
maintaining high metal leaching rates. Water
electrolysis reactions also occur in the system on
the cathode and anode, respectively. Figure 13
shows reaction processes during leaching.

2H+2e—H, (9p®=0V, cathode) 9)
H,0—2H"+1/20,+2¢ (¢9®=1.229 V, anode) (10)

4
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H fesents g
) . oc\ - M*t/Feu’Cl

Fig. 13 Mechanism for electric field enhanced metal
leaching process

The synergistic effect of Fe**, Cl", and electric
field on the metal leaching rates was verified by
comparative experiments, and the results are shown
in Fig. 14. Compared with other comparison
experiments, the metal leaching rates increased

when Fe?" and Cl- were simultaneously present in
the solution and an external electric field was
applied. Chloride concentration in H,SO4+ NaCl +
FeSO; leaching solution did not change greatly
before and after leaching when the electric field
was applied (Table 1), improving effective CI
utilization and reducing Cl, overflow leachate
obtained after leaching could be used for Ni—Co
alloy and MnO; electrodeposition, which is the
focus for ongoing research.

I 20 ¢/ NaCl
120 + 3 0.1 mol/L FeSO,
89 20 g/L NaCl + 0.1 mol/L FeSO, (without electric field)
20 g/L NaCl + 0.1 mol/L FeSO, (with electric field)
100 -
- N N N
ES 0 N
2 g0 TS
—
g
£ 60t
Q
B}
= 40
20
0

Li
Fig. 14 Metal leaching rates under different leaching
conditions (2.0 mol/L H,SO4, 80 g/L S/L ratio, 80 °C,
60 min, and 200 A/m? current density )

Table 1 Concentration of Cl” in solution with and
without electric field applied (g/L)

Leaching Before leaching After leaching
system
Without electric field 12.1 3.1
With electric field 12.1 11.4

4 Conclusions

(1) Metal leaching rates increased in the
presence of an electric field when Fe?" and CI~ were
simultaneously present in the solution compared to
leaching without an electric field.

(2) Generated Cl, during leaching can be
reduced to CI” by Fe?* by adopting Fe?* and Cl~
synergistic leaching, reducing formed Fe** to
Fe’" on the surface of the cathode, and hence
enabling Fe?" and CI ™ recycling.

(3) More than 98%, 97%, 96% and 93%
extraction for Li, Ni, Co and Mn, respectively,
could be leached under 2.0 mol/L H,SO4, 20 g/L
NaCl, 0.1 mol/L FeSOs, S/L ratio 80 g/L, current
density 200 A/m?, leaching temperature 80 °C, and
leaching time >60 min.



640 Jian YANG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 632—-641

(4) Leaching kinetics confirmed that leaching
was governed by chemical reaction control based
on the nuclear reduction model, with apparent
activation energies of 42.4, 46.1, 46.2, and
47.3 kJ/mol for Li, Ni, Co and Mn, respectively,
during leaching.
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