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Abstract: The recovery of valuable metals from spent lithium-ion batteries is beneficial to protect the
environment and avoid resource depletion. Based on the synergistic effect of the reducing ability
of oxalic acid and the acidic strength of sulfuric acid, this study was conducted to recover valuable
metals from spent LiNig gCog 1 Mng 1O, lithium-ion battery cathode materials with the compound
leaching agents of sulfuric acid and oxalic acid. Under the optimized conditions of sulfuric acid
concentration at 2.5 mol-L~1, oxalic acid concentration at 20 g~L*1, liquid-to-solid ratio at 10 mL- gfl,
reaction temperature at 85 °C, and reaction time at 100 min, the leaching rate of Li, Ni, Co, and
Mn measured by ICP-OES was, respectively, 99.26%, 98.41%, 96.95%, and 97.54%. It was further
validated that the valuable metals were almost completely leached when combined with the XRD
and SEM-EDS analysis of spent cathode materials before and after leaching. The leaching of Li,
Ni, Co, and Mn was all in accordance with the Avrami model with their activation energies of
31.96 kJ-mol~!, 41.01 kJ-mol~, 47.57 kJ-mol~!, and 42.95 kJ-mol~!, indicating that the diffusion
was the control of the Li leaching process, and the surface chemical reaction was the control of
the other three metals. This work provides a new idea and method for the recycling of spent
lithium-ion batteries.

Keywords: spent NCM ternary lithium-ion battery; sulfuric acid; oxalic acid; leaching rate; leach-
ing kinetics

1. Introduction

Lithium-ion batteries are widely used in portable electronics, aerospace, medical
devices, and other fields for their high specific capacity, good cycling performance, small
self-discharge, and no memory effect [1,2]. As lithium-ion batteries begin to be used in
large quantities in the field of new energy vehicles, there will be an explosive increase
in the production and use of lithium-ion power batteries [3,4]. At present, commercial
lithium-ion battery cathode materials are: LiCoO,(LCO), LiMny;O4(LMO), LiFePO4 (LFP),
LiCoxNiyMn,O, (NCM), etc. [5,6]. With the advantages of high energy density, low-
temperature resistance, and low cost, the NCM ternary material has become the pioneer of
lithium-ion battery cathode materials and occupied a dominant position in the market [7].
The service life of lithium-ion batteries as consumables is about 3-5 years, and the global
amount of spent NCM ternary lithium-ion batteries has reached 300,000 tons in 2020, and
the amount is expected to reach 720,000 tons by 2023 [8,9]. The spent ternary batteries
contain toxic nickel, cobalt, manganese, and other metal components, which cause serious
pollution to the environment if they are not properly treated [10]. At the same time, the
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abundance of metal resources from spent ternary lithium-ion batteries is much greater
than natural mineral reserves, which can be regarded as prosperous “city mines” [11].
Rational treatment of spent lithium-ion batteries and recycling of valuable metals can not
only avoid environmental pollution caused by spent batteries, but also broaden the sources
of scarce resources such as nickel, cobalt, and manganese [12]. This is of great significance
for promoting the healthy development of the lithium-ion battery industry.

The recovery methods of valuable metals from cathode materials of spent lithium-ion
batteries are mainly divided into the following three types: pyrometallurgy, hydrometal-
lurgy, and biological metallurgy [13]. Pyrometallurgy refers to the process of enriching
valuable metals in the form of alloys or metal compounds by high-temperature treat-
ment [14]. The biggest advantage of pyrometallurgy is that it can process various types of
spent lithium-ion batteries. The process is simple and easy to operate, and the technical
process is relatively mature. However, high-temperature treatment not only consumes a
lot of energy, but also produces a large amount of SO, and other toxic waste gases during
the smelting process, causing serious environmental pollution [15]. Biological metallurgy
is a technology that utilizes the oxidation and reduction characteristics of microorgan-
isms in life activities to separate metals from the original material in the form of ions
or precipitations in aqueous solutions [16]. Biological metallurgy is an environmentally
friendly metal recovery method with mild reaction conditions and low economic input.
However, biological metallurgy also has its fatal shortcomings: a long breeding cycle of
strains, slow leaching reaction speed, and high time cost. It is difficult to meet the mar-
ket demand for spent lithium-ion battery processing capacity, which limits its large-scale
practical application in industrial production. Compared with the previous two methods,
hydrometallurgy has incomparable advantages such as high comprehensive metal recovery,
low energy consumption, environmental protection, and easier automation and continuity
in the production process [17]. Therefore, hydrometallurgy is the most widely used method
for recovering valuable metals from spent lithium-ion battery cathode materials [18].

The leaching process of valuable metals is a very important step in the whole recycling
process from spent lithium-ion batteries. A brief summary of metal recovery from spent
LIBs by different leaching systems is shown in Table 1. H,SO4 [19], HCI [20], HNOj5 [21],
and other inorganic acids are first used for leaching, since the cathode material contains
high-valence cobalt, manganese, and other metal ions that are insoluble in water, it is
necessary to cooperate with HyO, or other reducing agents to reduce them to a low-
valent state [22]. Although it can achieve a high metal leaching rate, it also has some
disadvantages such as the strong corrosiveness of the leaching agent and the generation of
toxic and harmful gases during the leaching process [23]. Therefore, more environmentally
friendly organic acids (citric acid [24], lactic acid [25], glucose acid [26], etc.) are beginning
to be used to recover valuable metals. However, the acidity of organic acid is weak, and the
H+ ion cannot be completely ionized. Only using organic acid for leaching will consume a
large amount of expensive organic acid, high temperature, large liquid-to-solid ratio, and
other conditions are often required to strengthen the leaching, and the cost will therefore
increase furthermore [27].

Herein, the strategy of using compound leaching agents of inorganic acid and organic
acid to recover valuable metal elements from spent lithium-ion battery cathode materials is
proposed in this paper. Sulfuric acid is considered the most efficient and cheapest leaching
agent [28]. Oxalic acid is a natural organic acid that is widely found in spinach, beet, and
other plants. In the process of leaching the cathode material of spent lithium-ion batteries,
oxalic acid can be used as both a leaching agent and a reducing agent [29]. This is because
oxalic acid is a kind of strong acid in organic acids, which can ionize part of the H* ion. At
the same time, it has a strong reducing property, so it can reduce high-valence metal ions to
low-valence states and improve the leaching rate of metals [30]. Based on the synergistic
effect of the reducing ability of oxalic acid and the acidic strength of sulfuric acid [31],
the researchers used the compound leaching agents of sulfuric acid and oxalic acid to
recover tin from hazardous zinc-leaching residue and indium from indium-bearing zinc
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ferrite, which achieved a good effect [31,32]. By reviewing the relevant literature, there is no
relevant report on the recovery of spent NCM ternary lithium-ion battery cathode materials.
Therefore, the compound leaching agents of sulfuric acid and oxalic acid are the first to
recover valuable metals from the cathode materials of NCM ternary lithium-ion batteries.
The H* ionized by environmentally friendly oxalic acid can enhance the acidity of the
solution and reduce the amount of cheap sulfuric acid. At the same time, oxalate can reduce
the high-valence cobalt and manganese elements. This method has the advantages of less
environmental pollution and low production cost. The effects of sulfuric acid concentration,
oxalic acid concentration, liquid-to-solid ratio, reaction temperature, and reaction time on
the leaching rate of valuable metal from the cathode materials of spent ternary lithium-
ion battery were investigated by single factor experiment, and the optimal conditions for
recovering valuable metals were obtained. In addition, the unreacted shrinking core model
and Avrami model were used to study the leaching kinetics of spent ternary lithium-ion
battery cathode materials to better understand the mechanism of the leaching process.

Table 1. A brief summary of metal recovery from spent LIBs by different leaching systems.

Cathode Material ~ Acid Reductant Other Leaching Conditions Leaching Efficiency Cost ($) Ref.
NCM H,S0; =25molL ! oxalicacid =20 gL ! tse/‘?’l‘gagtfﬁ: B Rl AN SR T his
NCM H,S0; =25molL!  H,0p=2vol % ﬁ‘é‘({’fgt‘g{fj B e L e e 4669 [19]
NCM HCI = 6 mol-L"! H,0; = 5 vol % iii?ﬁf??;‘f;ﬁ? °C, time =2k, S/L PR AV R P! [20]
NCM523 HNOs =05molL ! CeHyOp=05molL ! FpPerattre s g?;,? tme=10min, - mearty ot N 3721 1]
NCM111 CsHsO7 =20mol.L™!  H;O;=2vol % Pyt gSQLi?f e i, e 4533 [22]
NCM C3HgOs =15mol-L-1  H,Op =05 vol % i ;9;,9 fime =20min, - 97.7% 161095824//1\11\;[n 18x 10 [23]
NCM111 CeHppO7 =1.0mol- L1 HyOp =1 mol L tse/“L‘Pr:rtf;“jgg ?Li(f' time =80 min, %90/ °9]8i0;091?;ﬁ Ni, 97% 9.1x10°  [24]
NCM622 H,80; = 1.8 mol-L-! ginkgo biloba = 9 g-L’l temperature = 80 °C, time = 40 min, 99.99 % Li, 98.65% Ni, 64.8 [25]

S/Lratio=15 g~L’1 98.41 % Co, 98.25% Mn

2. Experimental Section
2.1. Materials and Reagents

The spent NCM ternary lithium-ion battery cathode material used in the experiments
is a sample provided by a company in Guizhou (the proportion of nickel, cobalt, and
manganese was unknown). The nitric acid, hydrochloric acid, sulfuric acid, oxalic acid,
and other reagents were all analytical grade and from Shanghai Macklin, Biochemical
Technology Co., Ltd. (Shanghai, China). Additionally, the solvent of the solution used was
pure water.

2.2. Experimental Procedure

An amount of 0.2 g of lithium-ion battery cathode powder was added to 40 mL aqua
regia solution (HNO3:HCl = 1:3, v/v), and digested to nearly dry at 80 °C, the solution after
filtration was diluted with pure water to constant volume, and the concentration of each
metal element was measured by ICP-OES, to determine the content of the valuable metal
in the sample.

A certain volume of sulfuric acid and the oxalic acid solution was put into a three-neck
flask with a condenser, and the flask was under a thermostatic water bath. When the
temperature rose to the set temperature, 100 g of spent battery cathode powder was added
to the flask, and the stirrer started to work at the speed of 500 RMP. The content of Li, Ni,
Co, and Mn in the leaching solution was determined by ICP-OES, and the leaching rate
of each metal element under different conditions was investigated. The conditions were
sulfuric acid concentration (1.5, 2.0, 2.5, 3.0, and 3.5 mol-L 1), oxalic acid concentration
(10, 15, 20, 25, and 30 g-L '), liquid-to-solid ratio (6, 8, 10, 12, and 14 mL-g 1), reaction
temperature (40, 55, 70, 85, and 100 °C) and reaction time (20, 60, 100, 140, and 180 min).
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For the accuracy of the experimental results, three parallel experiments were carried
out for each group of experiments during the whole leaching process, and the average
value was taken as the final result. The formula for the leaching rate of each metal element
is shown in Equation (1):

a =2 % 100% (1)
mw
where « is the leaching rate of each metal (%); c is the content of each metal in the leaching
solution (g-L~1); v is the volume of leaching solution (L); m is the mass of cathode powder
(g); w is the content of each metal element in the cathode powder (%).

2.3. Characterization of Samples

An inductively coupled plasma atomic emission spectrometer (Agilent ICP-OES730,
Palo Alto, CA, America) was used to determine the concentration of metal elements in
the spent cathode powder and its leaching solution. X-ray photoelectron spectroscopy
(Thermo ESCALAB 250Xi, Waltham, MA, America) was used to analyze the valence of metal
elements on the surface of cathode powder. An X-ray powder diffractometer (BRUCKER
D8 ADVANCE, Billerica, MA, America) was used to analyze the phase of the cathode
powder and its residue. The morphology and distribution of valuable metal elements of
spent cathode materials before and after leaching were studied by using emission scanning
electron microscopy (Hitachi SU8020, Chiyoda, TKY, Japan).

3. Results and Discussion
3.1. Analysis of Original Cathode Powder

ICP-OES was used to measure the concentration of each metal element in the solution
after complete leaching with aqua regia, to determine the content of the valuable metals in
the sample. The results are shown in Table 2.

Table 2. The content of metal elements in spent lithium-ion batteries cathode material.

Metal Element

Li

Ni Co Mn Fe Al Others

Content (wt%)

6.87

41.13 5.05 471 0.21 0.28 trace

As can be seen from Table 2, the molar ratio of nickel, cobalt, and manganese in the
cathode material is close to 8:1:1. It was preliminarily speculated that this batch of spent
battery samples belongs to the NCM811 lithium-ion battery.

XPS was used to analyze the valence state of each metal in the original spent ternary
cathode material, as shown in Figure 1. It shows only Ni?* indicating NiO as the nickel
species. Additionally, cobalt has valences of +2 and +3. However, manganese coexists as
Mn2*, Mn?*, and Mn**. The high-priced Co**, Mn®*, and Mn** are insoluble and difficult
to be leached, so it is usually necessary to use reducing agents to reduce them to improve
the metal leaching rate.
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Figure 1. The XPS of original cathode powder. (a) the valence state of Ni. (b) the valence state of Co.
(c) the valence state of Mn.

In this experiment, oxalic acid was used as reducing agent to leach spent ternary
cathode materials of lithium-ion batteries in sulfuric acid solution, and the reaction was
as follows:

LiNip §Cop 1Mng 10, 4+H504 + HyCy04 — LipSO4 4+ NiSO4+C0SO4+MnSO,+Hp,O + CO; 1 )

3.2. Leaching Conditions
3.2.1. The Effect of Sulfuric Acid Concentration on Leaching Rate

Figure 2a shows the influence of sulfuric acid concentration on the metal leaching
rate under the conditions of oxalic acid concentration at 15 g-L~!, liquid-to-solid ratio
at 8 mL- g’l, reaction temperature at 85 °C, and reaction time at 60 min. The leaching
rate of the four metals firstly increased and then tended to be stable with the increase in
sulfuric acid concentration. In the process of sulfuric acid concentration increasing from
1.5mol-L~! to 2.5 mol-L ™!, the metal leaching rate curve showed a rapid rise stage. The
leaching rate of Li increased from 59.83% to 83.25%, the leaching rate of Ni increased
from 55.41% to 77.36%, the leaching rate of Co increased from 50.45% to 67.42%, and
the leaching rate of Mn increased from 53.23% to 69.63%. The concentration of sulfuric
acid continued to increase to 3.5 mol-L ™!, the leaching rate of each metal did not increase
obviously, but nearly remained stable. It can also be seen that the leaching rate of Li was
much higher than that of the other three metal ions, because the binding energy of the Li-O
bond is the weakest in the crystal structure of cathode material [33], and Li is relatively
easy to be leached. Therefore, the sulfuric acid concentration at 2.5 mol-L~1 is selected for
subsequent experiments.
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Figure 2. The effect of (a) sulfuric acid concentration, (b) oxalic acid concentration, (c) liquid-to-solid
ratio, (d) reaction temperature, and (e) reaction time on the leaching rate of valuable metals.

3.2.2. The Effect of Oxalic Acid Concentration on Leaching Rate

Under the conditions of sulfuric acid concentration at 2.5 mol-L~1, liquid-to-solid
ratio at 8 mL-g~!, reaction temperature at 85 °C, and reaction time at 60 min, the metal
leaching rate curve fluctuated with varied oxalic acid concentration is shown in Figure 2b.
When the oxalate concentration was 0 g~L’1, the leaching rate of lithium, nickel, cobalt,
and manganese was 55.76%, 42.15%, 5.34%, and 2.48%, respectively. Cobalt and manganese
were almost not dissolved without presence of oxalic acid. With the increase in oxalic acid
concentration from 10 g-L’l to 20 g-L’l, the leaching rate of Li, Ni, Co, and Mn increased
from 76.24%, 70.25%, 52.17 %, and 55.63% to 87.12%, 82.23%, 77.35%, and 80.14%. When
the concentration of oxalic acid increased to 30 g-L 1, the leaching rate of each metal ion
did not change a lot, and almost formed a plateau. The results show that the addition of
oxalic acid significantly increases the leaching rate of Co and Mn, indicating that oxalic acid
has a good reduction effect on Co%*, Mn®*, and Mn**, and the higher the concentration
of oxalic acid, the higher the leaching rate. The leaching rate of Li and Ni increased with
the increase in oxalic acid concentration to a certain extent, because the crystal structure
of cathode material is destroyed after the destruction of the Co—O bond and Mn-O bond
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by the leaching agent, then Li and Ni are more easily leached. Therefore, the oxalic acid
concentration at 20 g-L~! is chosen as the optimal condition.

3.2.3. The Effect of Liquid-to-Solid Ratio on Leaching Rate

Under the conditions of sulfuric acid concentration at 2.5 mol-L~1, oxalic acid concen-
tration at 20 g-L’l, reaction temperature at 85 °C, and reaction time at 60 min, the effect of
liquid-to-solid ratio on the leaching rate of four metal ions is shown in Figure 2c. It can be
seen that the change in leaching rate was divided into two stages: when the liquid-to-solid
ratio increased from 6 mL-g~! to 10 mL-g~!, the leaching rate of each metal ion increased
almost linearly. When the liquid-to-solid ratio at 10 mL-g~!, the leaching rate of Li, Nj,
Co, and Mn reached 97.05%, 95.18%, 91.86%, and 93.58%. When the liquid-to-solid ratio
increased from 10 mL-g~! to 14 mL-g~, the leaching rate curve of each metal ion tended
to be stable, and the leaching rate did not increase much. When the liquid-to-solid ratio
is lower than 10 mL-g~!, the viscosity of the solution is large, which is not conducive to
the reaction; because the concentration of sulfuric acid and oxalic acid is firm, and the
amount of leachate is limited, so the leaching rate of each metal element is low. When the
liquid-to-solid ratio is higher than 10 mL-g~!, the leaching rate of metal ions is not greatly
improved, and the leaching agent is wasted at the same time. Considering that the increase
in the concentration of the leaching solution is beneficial to the subsequent recovery of
valuable metals, the optimal liquid-to-solid ratio is determined to be 10 mL-g~ 1.

3.2.4. The Effect of Reaction Temperature on Leaching Rate

Figure 2d shows the effect of reaction temperature on the leaching rate of the spent
cathode powder. Other conditions were the concentration of sulfuric acid at 2.5 mol-L ™!,
the concentration of oxalic acid at 20 g-1.~!, the liquid-to-solid ratio at 10 mL-g !, and the
reaction time at 60 min. The results show that the leaching rate of each metal in the spent
cathode powder increases with the increase in the reaction temperature. As the reaction
temperature increased from 40 °C to 85 °C, the leaching rate of Li, Ni, Co, and Mn increased
sharply from 62.11%, 57.71%, 48.16%, and 54.46% to 97.05%, 95.18%, 91.86%, and 93.58%.
When the reaction temperature increased to 100 °C, the leaching rate changed little, and
the leaching rate of Li, Ni, Co, and Mn only increased, respectively, by 0.75%, 0.29%, 0.58%,
and 0.32%. The reason why the leaching rate of each metal is affected by temperature
is that the leaching reaction of the cathode material is endothermic, and the increase in
temperature can improve the feasibility and reaction rate of the reaction. At the same time,
the increase in temperature can intensify the movement of particles, which is beneficial to
the mass transfer process of the reaction, thereby increasing the leaching rate. Considering
that after the reaction temperature exceeded 85 °C, the leaching rate of each metal was
limited, and high temperature has higher requirements on equipment and increases energy
consumption, the optimal reaction temperature is 85 °C.

3.2.5. The Effect of Reaction Time on Leaching Rate

The effect of reaction time on the leaching rate of each metal is shown in Figure 2e.
The sulfuric acid concentration at 2.5 mol-L ™}, the oxalic acid concentration at 20 g-L 1,
the liquid-to-solid ratio at 10 mL-g~?, the reaction temperature at 85 °C was fixed, and the
reaction time was varied within the range of 20 min to 180 min. It can be seen that when
the reaction time was 20 min, the leaching rate of Li, Ni, Co, and Mn was 49.88%, 41.29%,
31.29%, and 37.65%, respectively. With the prolongation of the reaction time, the leaching
rate of each metal increased rapidly and reached the maximum value at 100 min. At this
time, the leaching rate of Li, Ni, Co, and Mn was 99.26%, 98.41%, 96.95%, and 97.54%.
Then, the reaction time was extended to 180 min, and the leaching rate curve of each metal
became stable. This shows that when the reaction time is 100 min, the leaching reaction is
close to the limit, and time is no longer the key factor affecting the leaching rate. From the
perspective of shortening the production cycle, it is more appropriate to choose a reaction
time of 100 min.
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3.3. Kinetic Analysis

In order to explore the leaching kinetics and apparent activation energy of valuable
metals from spent lithium-ion batteries recovered with sulfuric acid and oxalic acid, five
groups of experiments at different reaction temperatures were designed under the experi-
mental conditions of sulfuric acid concentration at 2.5 mol-L 1, oxalic acid concentration
at20 g-L~! and liquid-to-solid ratio at 10 mL-g~!. The leaching temperatures were set at
25°C, 40 °C, 55 °C, 70 °C, and 85 °C, respectively. The leaching time of each group was set
at 20 min, 40 min, 60 min, 80 min, and 100 min. The kinetic curves of the leaching rate for
each metal ion at different temperatures with the change in time are recorded, as shown
in Figure 3.

4100 100 — —— :
90} _ 90 NI
X R onl
S.80 = 80
Sl B
Q Q L
e 559 L
;ﬂ 50 —¥—70°C gl)
% 40l —— §5°C % 40t —e25c
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5 30} ] —a—55°C
20} ——70°C
20 [ L L L L L '] 0 L L L L :>=|850C
20 40 60 80 100 20 40 60 80 100
Time (min) Time (min)
¢ 100 100 —
~ _gopMn T
=< g0t Lol
B o
5 60l 5 or
= 2 60}
g = 50
2 40 o
% —a—25°C ':; or =25
§ 20t —e—d0°C S 30t —— e
s —— 5
- el T ——
D ——85°C
O +—85°C ] 0 L L L L L
20 40 60 80 100 20 40 60 80 100
Time (min> Time (min)

Figure 3. The kinetic curves of leaching rate for each metal ion of spent lithium-ion battery cathode
powder: (a) Li, (b) Ni, (c) Co, and (d) Mn.

The leaching of spent lithium-ion battery cathode powder belongs to a liquid—solid
reaction. With the leaching progression of the cathode material, the product is dissolved
in water, and the shape size of the solid particle gradually decreases until it completely
is disappeared. This kind of reaction can be described by the “unreacted shrinking core
model” [34]. The model can be divided into the following three types: (A) surface chemical
control model; (B) diffusion control model; (C) log rate law model [35]. In order to describe
the leaching process more accurately, the Avrami model was used to describe the leaching
kinetics of the cathode material of lithium-ion batteries. Avrami model was originally used
to describe the kinetics of crystal growth in solution. Since the cathode material of the
spent battery is continuously dissolved and no solid phase is generated, solid leaching
dissolution can be regarded as the reversed process of crystal growth in solution. Therefore,
Avrami model is suitable to describe the kinetics of lithium-ion battery leaching [36]. The
above four dynamic model equations are as follows:

1—(1—x)3 =yt 6)
1-2/3x—(1—x)*2 =kt @)
(—In(1—x))? = kst )
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In[—In(1 —x)] =Inky +nlnt (6)

In the above formula, x is the leaching rate of each metal ion (%); ky, ko, k3, and kq4
represent the different reaction rate constant (min~1); t is reaction time (min); # is the order
of the reaction.

The above four kinetic models were used to fit the leaching kinetic data of each metal.
Since the leaching kinetic curves of Li, Ni, Co, and Mn are the same, the fitting results of
the four leaching kinetic models by Co are represented and selected. The corresponding
correlation coefficient R? between each model and Co kinetic data is shown in Table 3.

Table 3. The fitting results of four kinetic models for Co leaching.

o Surface Chemical Diffusion Control Log Rate Law .
e Control Model Model gModel Avrami Model
25 0.9680 0.9247 0.9263 0.9915
40 0.9563 0.9622 0.9528 0.9954
55 0.9117 0.9329 0.9653 0.9928
70 0.9558 0.9605 0.9340 0.9946
85 0.9444 0.9406 0.9641 0.9985

When the three models of the unreacted shrinking core model were used to describe
the leaching process of Co, some relevant data points were scattered, the correlation
coefficient R> was small, and the correlation fitting was poor. Therefore, the unreacted
shrinking core model was not suitable to describe the leaching of Li, Ni, Co, and Mn. When
the Avrami model was used to describe the Co leaching process, the correlation coefficients
were all greater than 0.99, showing a good fitting effect. The fitting results of the Avrami
model to the kinetic data of four metals are shown in Figure 4.
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Figure 4. The fitting results of the Avrami model to the kinetic data of four metals: (a) Li, (b) Ni,
(c) Co, and (d) Mn.

As can be seen from the Figure 4, the fitting coefficients of the four metal elements
at different temperatures were all greater than 0.98, indicating that the Avrami equation
model can well reflect the whole leaching process. It is generally believed that when the
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parameter 7 in Avrami model is greater than 0.5, leaching is controlled by surface chemical
reaction. When 7 is less than 0.5, leaching is controlled by diffusion [37]. The n values of
the four metals at different temperatures were all greater than 0.5, and it was preliminarily
concluded that the surface chemical reaction was the control of the four metals’ leaching
process. The Ink values of the fitted curves of Li, Ni, Co, and Mn all increased with the
increase in temperature, indicating that temperature could significantly change the rate of
leaching reaction.

The Arrhenius equation was used to calculate the apparent activation energy of four
metals in order to clarify the control steps of the leaching process [38].

k= Ae Ee/RT @)

where k is the reaction rate constant (min~!); A is the frequency factor (min~!); Ea is the
apparent activation energy (kJ-mol~!); R is the gas constant (R = 8.314 ]-K~1-mol~1); T is
the absolute temperature (K).

The Arrhenius formula is fitted with different Ink values from 25 to 85 °C as the
ordinate and 1000/T as the abscissa, and the result is shown in Figure 5. The slopes of
the fitted curves for Li, Ni, Co, and Mn are —3.8441, —4.9321, —5.7222, and —5.1659. The
apparent activation energy can be obtained by combining the slope with the gas constant
R. The activation energies of Li, Ni, Co, and Mn were 31.96 kJ-mol~1, 41.01 kJ-mol 1,
47.57 kJ-mol~! and 42.95 kJ-mol !, respectively. The activation energy of Li is less than
40 kJ-mol !, indicating that diffusion is the control step of the Li leaching process. The
activation energies of the other three elements are all greater than 40 kJ-mol~!, and the
higher activation energies indicate that the control of the leaching process of these metals is
the surface chemical reaction [39]. From the perspective of activation energy, the higher
the activation energy for the leaching reaction, the more difficult the leaching reaction is.
Therefore, in the process of leaching spent cathode materials, Li is easiest to be leached,
while Co is the most difficult to be leached, which is also consistent with the above single
factor experiment results.
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—2.0F
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Figure 5. Arrhenius plots for the leaching of Li, Ni, Co, and Mn.

3.4. Characterization of Spent Lithium-Ion Cathode Powder before and after Leaching
3.4.1. XRD Analysis

In order to determine the change in phase in the leaching process of cathode powder,
XRD was used to detect and analyze the original spent lithium-ion battery solid powder and
its leaching residue, and the results are shown in Figure 6. The XRD pattern of the original
spent lithium-ion battery powder shows good characteristic peaks of LiNipgCop 1Mng 102,
and no diffraction peaks of other substances are detected. As can be seen from the XRD pat-
tern of leaching residue, part of the diffraction peaks of LiNiggCog1Mng 10O, after leaching
split, and most of the diffraction peaks decrease in intensity and disappear. This indicates
that the crystal structure of LiNipgCop1Mng 0, was destroyed and almost completely
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leached during the leaching process. In addition, the XRD pattern of leaching residue
shows the diffraction peak of C, which is not shown in the XRD pattern of the original
battery powder. This is because the content of C in the original spent lithium-ion battery
powder is low, which is below the limit of detection, so the diffraction peak of C cannot be
shown on the XRD pattern. After leaching, the solid residue becomes less and the relative
content of C becomes higher, so there is an obvious diffraction peak of C in the XRD pattern
of the leached residue.

¢ LiNig gCog.1Mng 102
s C

(003)
(101)
(006/102)
(10 *
(105)
(107)
(108/110)

.
-
-
(107)

(@

Intensity

10 20 30 40 50 60 70 80 90
2 Theta(9

Figure 6. The XRD pattern of cathode powder before and after leaching: (a) the cathode powder
before leaching, and (b) the cathode powder after leaching.

3.4.2. SEM-EDS Analysis

For purpose of studying the microstructure and chemical composition of spent ternary
lithium-ion battery cathode powder before and after leaching, SEM-EDS was used to charac-
terize and analyze it. As shown in Figure 7a, the appearance of the particles before leaching
is spherical with different particle sizes, and Ni, Co, and Mn are uniformly distributed in
the spherical particles. Because the energy of Li produced by the X-ray strafing is small, so
Li cannot be detected and analyzed. On account of the corrosion behavior of the leaching
agent, Figure 7b shows that the particles after leaching are completely irregular and spongy.
This indicates that the leaching of cathode powder is an irregular corrosion reduction
process rather than a uniform shrinking process, which again proves that the leaching
process is inconsistent with the assumption of the unreacted shrinking core model. After
the leaching process, three metal elements disappear in vast numbers, and the remaining
valuable metals are unevenly dispersed in the residue. The content of nickel, cobalt, and
manganese can be calculated from the intensity of the peaks and the response value of this
element according to the spectrum of mapping. The peaks at 0-2 Kev, show an obvious
decrease after leaching, along with peaks at 6-9 Kev disappeared at the same response
value. Therefore, the content of nickel, cobalt, and manganese in the residue is lower. This
is consistent with the above experimental results and XRD analysis results. However, the
specific content of the valuable metal is subject to ICP-OES results.

Figure 7. Cont.
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Figure 7. The SEM-EDS images of cathode powder before and after leaching: (a) the cathode powder
before leaching, and (b) the cathode powder after leaching.
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4. Conclusions

With the synergistic effect of the reducing ability of oxalic acid and the acidic strength
of sulfuric acid, this study proposes a method for recovering valuable metals from spent
lithium-ion battery cathode materials with composite leaching agents of sulfuric acid
and oxalic acid. The following conclusions are drawn from the leaching experimental
results and characterization analysis. Under the optimized conditions of sulfuric acid
concentration at 2.5 mol-L ™, oxalic acid concentration at 20 g-L~?, liquid-to-solid ratio
at 10 mL-g~!, reaction temperature at 85 °C, and reaction time at 100 min, the leaching
rate of Li, Ni, Co, and Mn was, respectively, 99.26%, 98.41%, 96.95%, and 97.54%. At the
same time, the characterizations of XRD and SEM-EDS further validated that the valuable
metals have been almost completely leached. By fitting four kinds of kinetic models, the
leaching kinetics of Li, Ni, Co, and Mn were determined to conform to the Avrami model,
and their activation energies were 31.96 kJ-mol~1, 41.01 kJ-mol~!, 47.57 kJ-mol~!, and
42.95 kJ-mol~!. Additionally, the diffusion was the control of the Li leaching process,
and the surface chemical reaction was the control of the other three metals. The process
of recovering valuable metals from spent lithium-ion batteries with composite leaching
agents of sulfuric acid and oxalic acid has the advantages of low environmental pollution,
low production cost, and high recovery rate, which has a certain guiding significance for
industrial production.
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