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Abstract: Lithium ion batteries are the most commonly used batteries at present, and because of the large number of people
using and manufacturing them, the serious environmental problems caused by the final disposal of waste lithium batteries are
worth discussing. In this study, lithium ion batteries were crushed with a crusher, and the obtained powder was then sieved and
collected. The valuable metals in the lithium ion batteries were recovered using a hydrometallurgy process. The research
included the use of acid leaching and chemical precipitation. Acid leaching of the cathode electrode powder with three kinds of
acids, including citric acid, sulfuric acid, and hydrochloric acid, resulted in a leaching solution rich in lithium, cobalt, nickel, and
manganese. The leaching solution obtained from hydrochloric acid leaching was selected as the liquid to be used for the
precipitation experiments. Precipitation was performed first using a selective chemical precipitation method, and manganese was
first precipitated as a black powder. The color of the leaching solution after manganese precipitation changed to dark pink, and
the liquid was full of cobalt and nickel. Then, the cobalt and nickel were co-precipitated with ammonium citric, and the obtained
precipitates were either pale pink or grayish pink. After precipitation of cobalt and nickel, only lithium was left in the transparent,
colorless leaching liquid. Finally, lithium was concentrated through reduced pressure evaporation, and a green lithium salt was
obtained.
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remove the residual powder on an aluminum sheet. The
positive electrode material powder is dried and then
acid-impregnated to dissolve the valuable metals in the
solution. Finally, the product is obtained using chemical
precipitation, electrolysis, and solvent extraction.
Lithium-ion battery impregnation is mainly based on acid
impregnation. The acids include nitric acid, hydrochloric acid,
sulfuric acid, etc., and hydrogen peroxide is added as an
oxidant. The purpose is to reduce trivalent cobalt and
manganese into divalent cobalt and manganese. Bivalent
cobalt and manganese are more easily impregnated and thus
help improve impregnation efficiency. For example, Liang
Chen [4] used sulfuric acid to obtain a cobalt impregnation
rate of 95% under 4M and 10% hydrogen peroxide. At the
same time, the use of organic acids such as sulfuric acid,
hydrochloric acid, and nitric acid produces toxic gases such

1. Introduction

In recent years, lithium-ion batteries (LIBs) have been
widely used as electro-chemical power sources for portable
electronic devices such as those used in computer
engineering (CE) and electric vehicles (EV). With increasing
global use of such batteries for transportable applications, the
need for lithium ion batteries will increase due to the
corresponding global demand. This has led to growing
concerns worldwide about the disposal of these batteries and
the potentially harmful impact they may have on the
environment.

In this study, the hydrometallurgical recovery process for
lithium batteries requires pretreatment. After the battery is
crushed, ground, and sieved, the preliminary plastic, iron,
aluminum, and copper are separated, and NMP is used to
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as sulfur and chlorine. Therefore, some people choose to use
organic acids such as citric acid, oxalic acid, etc. Organic
acids do not produce toxic gases, and the impregnation
efficiency is high, but the cost is also high.

The chemical precipitation process can be divided into
four parts. Because of the types of lithium ion batteries, there
may be different ions in the immersion liquid. In summary,
the main elements in all lithium-ion batteries are lithium,
cobalt, nickel, and manganese, so the precipitation can
contain these four elements. Jeong-Soo Sohn et al. [5]
obtained a precipitation efficiency of 96.1% when the molar
ratio of ammonium oxalate to cobalt ion was 4, but at the
same time, 90% of the nickel and copper were also
co-precipitated together. ZHU Shu-guang et al. [6] used
ammonium oxalate as a precipitant to react for one hour
when the molar ratio of ammonium oxalate to cobalt ion was
1.2, and at pH 2, 94.7% of the cobalt was precipitated into
pink cobalt oxalate. Then, lithium was precipitated using
sodium carbonate.
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Figure 1. Experimental Process.

2. Experimental Details
2.1. Experimental Process

Spent LIBs used in the mobile phones of different
manufactures were used in this study. To ensure the safety of
the experiment, the samples were fully discharged at least 24
hours with 10% mass fraction NaCl solution and then air
dried naturally before crushing. The anode and cathode
powders were then separated and used for further
experiments. A hydrometallurgy route was employed to
recover the valuable metals in the anode and cathode powders.
Different types of acid were tested for the purpose of leaching
the powder. After leaching, the liquid was subjected to
chemical precipitation to separate the valuable metals. The
experimental process is shown in Figure 1.

2.2. Physical Pretreatment

Lithium-ion batteries can be divided into two discharge
and disassembly steps in the pretreatment process [7], but in
the disassembly process, it is easy for the positive and
negative electrodes to come into contact. Once the positive
and negative electrodes are in contact with each other, this
often causes a short circuit, which produces self-ignition [8].
When many lithium-ion batteries are simultaneously
self-igniting, a fire or even an explosion may result.
Therefore, lithium batteries are usually immersed in salt
water to discharge before disassembly. There are two benefits
to using brine for this purpose [9]. The first reason is that
brine has good electrical conductivity and can release any
residual electrical energy contained in lithium-ion batteries.
The high-energy heat generated by the short circuit can be
absorbed by the brine without causing danger, and the brine
can be reused without any further pollution. The second
reason is that the price is low, and the process is efficient.

The next step is disassembling [10]. In this experiment,
aluminum soft-packed lithium-ion batteries were used. The
positive and negative electrodes were separated by manual
splitting, and the aluminum outer packaging was also
separated and then crushed separately with a crusher. The
crushed cathode material contains aluminum foil and target
valuable metal powders, but most of the valuable metal
powder remains attached to the aluminum sheet. Therefore, it
is necessary to utilize N-Methyl pyrrolidone (NMP), a polar
organic solvent, to effectively separate positive electrode
materials from the aluminum sheet.

In general, LIBs are made of polyvinylidene fluoride
(PVDF) as an adhesive for the positive electrode material,
which is also a polar organic solvent. According to the Like
Dissolves Like Theory [11, 12, 13, 14], polar solutions
dissolve polar substances, and non-polar solutions dissolve
non-polar substances. Therefore, NMP can be used to
effectively separate the positive electrode powder from the
aluminum substrate. The liquid in which the NMP and the
positive electrode powder is mixed is placed in an oven, and
the positive electrode material powder can be obtained by
removing the NMP. After obtaining the positive electrode
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material powder, the acid immersion step can be performed.
2.3. Acid Impregnation

2.3.1. Impregnation Parameters

The immersion test can be further divided into a direct acid
immersion and a reducing acid immersion. A direct acid
immersion is directly performed using the immersion liquid,
where the reducing acid immersion is added with a reducing
agent in the immersion liquid. Common inorganic acids are
hydrochloric acid, sulfuric acid, nitric acid, etc. Common
organic acids are: citric acid [15], DL-malic acid, oxalic acid,
etc. The experimental impregnation involves the use of two
inorganic acids HCI [16-20], H,SO, [21-26], and one organic
acid, of which citric acid as the main research impregnation

type.

In this study, the experiments were carried out on the same
powder to investigate the factors related to each acid, such as
the solid-liquid impregnation ratio, the acid impregnation
concentration, the temperature, and the amount of hydrogen
peroxide added [12, 13, 14, 19, 27, 28]. Hydrogen peroxide
was used to convert cobalt and manganese from trivalent to
divalent, which made it easier to impregnate with acid. If
hydrogen peroxide is not added, the leaching efficiency of
cobalt and manganese will be only 60%. The impregnation
efficiency was investigated using different parameters, such
as the solid-liquid ratio, the immersion concentration,
reaction time, the amount of hydrogen peroxide added, and
the reaction temperature. The experimental parameters are
shown in Table 1.

Table 1. Experimental parameters of the acid impregnation study.

Impregnation Parameter

Parameter Setting

Concentration (mol/L)
Solid-Liquid Ratio (g/L)
Reaction Time (min)
Reaction Temperature (°C)
Reducing agent dose (vol%)

02,05,1,2,3,4,5

20, 40, 60, 80

5, 15, 30, 60, 90, 120, 150
25, 40, 60, 80

0, 5, 10, 15, 20

2.3.2. Reaction Equations

Compared with inorganic acids, avoiding secondary
pollution emission into the environment is easier with the use
of organic acids, and they are easier to degrade and recycle.
Moreover, inorganic acids are prone to causing gaseous

pollution such as Cl,, SOz, and NOx, and are also likely to
cause harm to both humans and the environment. The
reaction equation for citric acid is shown in equations (1) and

Q).

6H3Cit(aq) + 2LiC002(s) + HZOZ(aq) = 2Li+(aq) + 6H2Cit(aq) + 2C02+(aq) + 4H20 + OZ(g) (1)

6HCit™ (o) + 2LiC00y) + HyOsq) = 2Li" g + 2C0° (o + 6Cit (aq) + 4H,0 + Oy 2)

The hydrochloric acid reaction equation is as shown in equation (3):

6LiNi1/3C01/3Mn1/302(s) + 36HCl(aq) + 3H202(aq) =6LiCl (aq) + 2N1C12 (aq) + 2COC12 (aq) + ZMHCIZ (aq) + 12H20 10) + 302(9 (3)

The sulfuric acid reaction equation is shown in Equation (4):

6LiNi1/3C01/3Mn1/302(S) + 9stO4(aq) + 3H202(aq) = 3List4(aq) + 2NISO4(aq) + 2COSO4(aq) + zMnSO4(aq) + 12H20 & + 302(g) (4)

2.4. Selective Chemical Precipitation Separation

The selective chemical precipitation in this study was
divided into two steps. The first step was the precipitation of
manganese. The pH of the impregnation solution was

adjusted with 1M NaOH to pH 2, and ammonium persulfate
((NH,4),S,05) is added to precipitate manganese. Then, MnO,
precipitate was obtained. The manganese precipitation
reaction mechanism is shown in Equation (5).

Mn* (g +H(NHe):8:052qt2H20 (2= MnOsH(NH,)2SOuaq) THaSOueg + 2H ®)

The MnO, was removed through solid-liquid separation,
and Li*", Co®", Ni*", and trace amounts of Mn*>" were left in
the remaining impregnation solution. The pH of the
impregnation solution was adjusted with 1M NaOH to pH 2.

Then, cobalt oxalate and nickel oxalate were precipitated by
adding oxalic acid ammonia ((NH,;),C,0,).

Cobalt precipitation reaction mechanism is shown in
equations (6) and (7):

CoSO04(aq) + (NH4),Cy04(aq)=CoCy04(s) + (NH4),SO,4 (6)

NiSO4(aq) + (NH4)2Cy04(aq)= NiCyO4(s) + (NH4)2S0,4 (7
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Figure 2. The selective chemical precipitation separation process.
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Subsequently, lithium ions were left in the solution, and
the lithium ions in the immersion liquid were turned into
solid lithium through the use of vacuum concentration. The
selective chemical precipitation separation process is shown
in Figure 2.

3. Results and Discussion
3.1. Surface Characterization

The results of the SEM-EDS analysis of the positive
electrode powder are shown in Figure 3. Figure 3 shows the
microstructure of the electrode powder. It can be seen that
the powder particles are irregular in shape; the surface is
rough, and the particle size is generally less than 30um. The
powder consists of cobalt and nickel compounds, and
manganese is evenly distributed on the particles in the form
of a fine powder.

Figure 3. SEM-EDS analysis results for the positive electrode powder.

Figure 4 shows the XRD analysis results for the positive electrode powder. It can be seen from the analytical results that the
positive electrode powder is a single crystal structure, mainly composed of lithium cobalt nickel manganese oxide

(LiNi;;3Coy3Mn;50,).
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Figure 4. XRD positive powder results.
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3.2. Physical Pretreatment

At this stage, the lithium ion battery chips that were
crushed using the crusher were placed in a sieve for
screening. Figure 6 shows the weight cumulation distribution
of the crushed particles, where the histogram represents the
weight percentage contained on each screen surface. From
the screening results, it can be inferred that most of the
lithium ion battery chips crushed by the crusher were
generally larger than 9.51 mm, while the other main products
were electrode powder and a small amount of finely divided
plastic collected at the bottom of the sieve. Most heavy
plastics could be removed through the use of heavy liquid
sorting.
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Figure 5. The physical pretreatment process.
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Figure 6. The weight cumulation distribution of the crushed particles.

3.3. The Acid Impregnation Results

3.3.1. Sulfate Impregnation

As shown in Figure 7, this experiment was carried out
under the optimal parameters at a sulfuric acid concentration
of 4 N, a solid-liquid ratio of 40 g/L, a reaction time of 60
min, a reaction temperature of 60°C, with hydrogen peroxide
at 5 vol%. It can be clearly seen from the figure that the
leaching efficiency increased with increases in the sulfuric
acid concentration.

110
100 4 ) ¥ - *_'. !
.'/! . .
90 s
/P
g o
>
o
S 704
E
o 60 o
o
£
S 01 |
© y
(] 4
= 404 [ —a— Li
f *—Co
30 4 A Ni
—v— Mn
20 T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10

Concentration of H SO (N)

Figure 7. The effect of sulfuric acid concentration.

3.3.2. Hydrophobic Impregnation

Figure 8 shows that the experiment was carried out with
the optimal parameters at a hydrochloric acid concentration
of 4 N, a solid-liquid ratio of 80 g/L, a reaction time of 90
minutes, a reaction temperature of 60°C, with hydrogen
peroxide at 20 vol%. It can be clearly seen from the figure
that the leaching efficiency increased with increases in the
hydrochloric acid concentration.
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Figure 8. The effect of the hydrochloric acid concentration.
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3.3.3. Citric Acid Impregnation

As shown in Figure 9, this experiment was carried with the
optimal parameters at a citric acid concentration of 3N, a
solid-liquid ratio of 40 g/L, a reaction time of 120 minutes, a
reaction temperature of 90°C, with hydrogen peroxide at 20
vol%. It can be clearly seen from the figure that the leaching
efficiency increased with increases in the citric acid
concentration.
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Figure 9. The effect of citric acid concentration.

3.4. Results of Selective Chemical Precipitation Separation

3.4.1. Manganese Precipitation
In the chemical precipitation experiments, manganese was
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precipitated first with ammonium persulfate. The results for
the manganese precipitation are shown in Figure 10(a). This
figure shows the effect of pH on the precipitation efficiency
of manganese and cobalt at 80°C for one hour. Although
increasing the pH contributes to the precipitation efficiency
of cobalt, if the pH is raised too high, there will be a
significant loss of manganese. Cobalt is very valuable, so it is
better to reduce the precipitation efficiency of cobalt. In order
to improve the efficiency of manganese precipitation without
losing too much cobalt, the pH value should ideally be 2. As
shown in Figure 10(b) through the XRD analysis results of
the manganese product obtained after the precipitation, the
precipitate should be composed of manganese oxide.

3.4.2. Results of Cobalt and Nickel Precipitation

After the precipitation of manganese, cobalt and nickel
were then co-precipitated with ammonium oxalate, for which
the precipitation results are shown in Figure 11(a). This
figure shows the effect of pH on the precipitation efficiency
of cobalt and nickel at 50°C for one hour. It can be seen that
optimum cobalt and nickel precipitation efficiency occurs at
pH 2 without causing precipitation of lithium ions. At pH 2,
the precipitation efficiency of cobalt and nickel is as high as
99%. However, the efficiency of the precipitation of lithium
ions is only 1.5%, so the best pH choice is pH 2. The results
of the XRD analysis of the cobalt and nickel products
obtained after the precipitation are shown in Figure 11(b). It
can be seen that the precipitates should be cobalt oxalate
hydrate (Co(C,0,4) - 2H,0) and nickel oxalate hydrate
(Ni(C,04)-2H,0). -2H20), and there is no obvious impurity
phase, which indicates that the product is of high purity.
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Figure 10. (a) Effect of pH on manganese precipitation (b) Crystal Phase Analysis of Manganese Precipitate.
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Figure 11. (a) Effect of pH on cobalt and nickel precipitation (b) Crystal Phase Analysis of Cobalt and Nickel Precipitate.

3.4.3. Vacuum Concentration to Precipitate Lithium

The impregnation liquid after the precipitation of cobalt
and nickel contained a large amount of lithium ions, and
there were almost no other ions, such as cobalt, nickel,
manganese, etc., and the solution was clear and colorless.

The remaining impregnation liquid was placed in a rotary
evaporator to do the vacuum concentration and heated to
90°C. After about 30 minutes, a lithium precipitate was
obtained. The finished product was identified as lithium
chloride through XRD detection as shown in Figure 12.
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Figure 12. Crystal Phase Analysis of Lithium Precipitate.

4. Conclusion

This research method solves the thorny global problem of
recycling lithium-ion batteries. Compared with the
pyrometallurgical recycling technology, which is commonly
used globally, this technology has a lower process cost, higher
purity, and almost no pollution. We developed a complete
lithium battery recovery solution from the physical
pretreatment to the hydrometallurgy process. Waste
lithium-ion batteries were recycled into high-purity valuable

metals, which were reused by the lithium battery manufacturer
to become a complete resource recycling system.

Based on the results obtained from this study, the
following conclusions were drawn:

The best leaching conditions for sulfuric acid are:
concentration, 2 M; solid-liquid ratio, 40 g/L; reaction time,
60 min; temperature, 60°C; a 5 vol% of hydrogen peroxide.
The leaching efficiency for all of the metals of interest was
over 95%. The best leaching conditions for hydrochloric acid
are: concentration,4 M; solid-liquid ratio, 80 g/L; reaction
time, 90 min; temperature, 60°C, and a 20 vol% of hydrogen
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peroxide. The leaching efficiency for all of the metals of
interest was over 95%. The best leaching conditions for citric
acid are: concentration, 1 M; solid-liquid ratio, 40 g/L;
reaction time, 120 min; temperature 90°C, and a 20 vol% of
hydrogen peroxide, for which the leaching efficiency was
Li:96%, Co: 91%, Ni: 98%, Mn: 99%. The manganese was
precipitated by ammonium persulfate, where the best
precipitation efficiency was obtained at 80°C, pH=2, with a
reaction time = one hour, and a molar ratio of (S,05”):(Mn”")
= 2. The precipitation efficiency reached 99%, and the loss
rate of cobalt was only 6%. Cobalt and nickel were
precipitated by ammonium oxalate. The best precipitation
efficiency was obtained at 50°C, with a pH=2, a reaction
time = one hour, and a molar ratio of (H,C,04") :(Co*") = 4.
The precipitation efficiency reached 99%, and the loss rate of
lithium was only 1.5%. The remaining leaching liquid,
mainly containing lithium ions, was concentrated through the
use of reduced pressure evaporation to obtain lithium
chloride. The concentration efficiency of lithium reached
99%.
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