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Abstract
A hydrometallury process was developed to recover the valuable metals from  LiNi0.8Co0.15Al0.05O2 cathode materials. 
In step 1, lithium and aluminum were selectively dissolved by oxalic acid. Utilizing  Na2SO3 as the reducing reagent, 
the reaction was significantly accelerated. The aluminum and lithium in the liquid stream were recovered by chemical 
precipitation in steps 2 and 3, using KOH and  K2CO3 as precipitants, respectively. The mixture of solid Ni and Co oxalates 
from step 1 was converted to sulfates through acid baking. After dissolution in water, cobalt was recovered as  Co2O3 
after oxidation and nickel stayed in the solution as  NiSO4.

Keywords Oxalic acid · Selective dissolution · Acid baking · Metal recovery

1 Introduction

The lithium-ion batteries (LIBs) were widely used in port-
able electronics, and electric vehicles (EVs) due to their 
high capacity, excellent cycle life, and high energy den-
sity. A significant amount of metal, including lithium, and 
cobalt, was used for the production of LIBs. In 2018, nearly 
80% of the cobalt consumed in China was in rechargeable 
batteries [1]. With the current growth rate, the LIB global 
market was estimated to reach $32 billion by 2020 [2]. The 
supply simply cannot meet the increasing demand. Apart 
from the supply issues, the spent LIBs cannot be disposed 
at landfills as they contain heavy metals that pollute the 
environment [3]. Therefore, the most sensible solution is 
to recover the valuable metals from spent LIBs. While there 
are a number of proposed processes for recycling  LiCoO2 
(LCO) and  LiNixMnyCo1 − x − yO2 (LNMC), few are available for 
 LiNi0.8Co0.15Al0.05O2 (LNCA) [4], which is used in Tesla EVs.

Hydrometallurgical processes are commonly used 
to separate metals from spent LIBs. In most recycling 

processes, all metals are first dissolved by mineral acids 
such as hydrochloric acid [5, 6], nitric acid [7, 8], and sul-
phuric acid [9, 10], or organic acids [11–13] such as citric 
acid [11] and succinic acid [12]. The dissolved metals are 
then separated by chemical precipitation [14] and/or sol-
vent extraction [15] to recover metal salts in pure form. The 
organic acids are regarded as the greener alternative than 
mineral acids; however, it is difficult to recover different 
metals from the organic acidic medium due to the strong 
chelation between the acid and metal ions [16]. Hence, 
only selected metals were dissolved to improve the effi-
ciency of separation [16–18]. Specifically, Li et al. [19] used 
oxalic acid to dissolve lithium from  LiNixMnyCo1 − x − yO2 
(LNMC) cathode materials. Then, Ni, Co, and Mn were sep-
arated by dissolution [20]. Following the same approach, 
this study develops a novel hydrometallurgy process to 
separate and recover all the valuable metals from LNCA 
cathode materials.
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2  Experimental and materials

The process flowsheet consists of 6 steps (Fig. 1). Lithium 
and aluminum are first dissolved by oxalic acid in step 1, 
producing a liquid stream containing  Li+ and  Al3+ (stream 
3) and a solid stream containing mixed Ni and Co oxa-
lates (stream 4). The aluminum is removed by chemical 
precipitation using KOH (step 2) while lithium is recov-
ered as lithium carbonate (step 3). The solid mixture of 
 NiC2O4·2H2O and  CoC2O4·2H2O in stream 4 is converted 
to mixed sulfates through an acid baking treatment (step 
4). The mixed sulfates (stream 12) are dissolved in water 
(step 5). The cobalt in the solution is then separated as 
solid  Co2O3 [4] from a solution containing  NiSO4 (step 6). 
These steps are discussed in detail next.

2.1  Selective dissolution by oxalic acid (step 1)

Selective dissolution using oxalic acid was carried out in 
a 250 mL three-neck round-bottom flask with a magnetic 
stirrer, a heating mantle, and a reflux condenser at 95 °C for 
4 h. The base case dissolution experiment was conducted 
with 3 g of cathode powder, and 100 mL of 1 M oxalic acid, 
giving a solid-to-liquid ratio of 35 g/L. 1.58 g of  K2SO3 was 
added as reducing reagent. The effects of reducing rea-
gent concentration, temperature, and solid-to-liquid ratio 
on dissolution performance were investigated.

2.2  Aluminum removal by chemical precipitation 
(step 2)

As most of the aluminum was dissolved along with lithium, 
it had to be removed from the liquid mixture by chemical 

precipitation. KOH was added in a 20 mL glass vial, and the 
mixture was agitated with a magnetic stirrer at room tem-
perature. After equilibration for 4 h, the solution and the 
precipitated solids were separated by vacuum filtration. 
Collected solids were washed with DDI water and dried in 
a vacuum oven overnight at 70 °C.

2.3  Lithium recovery by chemical precipitation 
(step 3)

The chemical precipitation process for lithium recovery 
was conducted in a 100 mL culture bottle with a magnetic 
stirrer. 5 M of  K2CO3 was added. The mixture was placed 
in a water bath at 80 °C. After equilibration for 4 h, the 
liquid solution and the precipitated solids were separated 
by vacuum filtration. Collected solids were washed with 
DDI water and dried in a vacuum oven overnight at 70 °C.

2.4  Acid baking of mixed oxalates (step 4) 
and dissolution (step 5)

The acid baking of mixed oxalates was conducted in a tem-
perature controlled muffle furnace. 3 g of mixed Ni and Co 
oxalates produced from step 1 was thoroughly mixed with 
a specific amount of concentrated sulfuric acid (98%) in a 
porcelain crucible. 1 mL of DDI water was also added to 
facilitate mixing of the slurry. Then the crucible was trans-
ferred to the muffle furnace for a 2-h thermal treatment. 
The powder from acid baking was dissolved in DDI water 
in a solid-to-liquid ratio of 50 g/L at a temperature of 70 °C 
for 3 h. The prepared solution was used as the feed for 
cobalt precipitation (Stream 14).

Fig. 1  Process flowsheet 
for recycling LNCA cathode 
materials
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2.5  Cobalt precipitation (step 6)

The cobalt precipitation was conducted in a 20 mL glass 
vial with a magnetic stirrer. A specific volume of NaClO 
solution was added in 10 mL of feed solution. After equi-
libration for 4 h, the liquid solution and the precipitated 
solids were separated by vacuum filtration. Collected sol-
ids were washed with DDI water and dried in a vacuum 
oven overnight at 70 °C.

2.6  Analytical methods

The pH of the solution was measured with a pH/mV 
meter (Model Mettler- Toledo AG SevenGo2), and the 
metal concentrations were determined by inductively 
coupled plasma optical emission spectrometry (ICP-
OES) (Model PerkinElmer Optima 7300 DV). The stand-
ard solutions were provided by High-Purity Standards, 
99.998%, and diluted in double deionized (DDI) water 
with a resistivity of 18.2 MΩ cm at room temperature. 
The particle morphology was examined by scanning 
electron microscope (SEM) (Model JEOL-JSM 7100). The 
chemical composition of the solids was confirmed with 
attenuated total reflectance Fourier-transform infrared 
(ATR-FTIR) spectra (Model Bruker Tensor 27 FTIR with 
a Bruker Platinum ATR accessory), and thermal gravi-
metrical analysis (TGA) (Model TA Q5000). The crystal 
structure was characterized by X-ray diffraction (XRD) 
system (Model PW1830 Philips, 2KW, Cu anode, graphite 
monochromator).

3  Results and discussion

3.1  Selective dissolution of lithium and aluminum 
(step 1)

The effects of various operating parameters including 
temperature (T), the concentration of reducing reagent 
 (K2SO3), and solid-to-liquid feed ratio (S/L ratio) on this 
reaction with 3 h of dissolution are discussed next. A sum-
mary of the results is presented in Table 1. The second row 
shows the base case: C = 1 M, T = 95 °C,  Creductant = 0.1 M, 
and S/L = 35 g/L. Considering the solubility of oxalic acid 
which is 1.1 M at room temperature, the concentration of 
oxalic acid is selected as 1 M. The third to fifth rows show 
how the wt% of metal dissolved in stream 3 change in 
response to the change in a single operating parameter 
while keeping the remaining two parameters constant at 
their base case values. Since only trace amounts of Ni and 
Co were dissolved in stream 3, the following discussion 

focuses on the concentration change of lithium and 
aluminum. 

3.1.1  Effects of reducing reagent concentration

The recovery of Li and Al by selective dissolution under 
base case conditions with and without  K2SO3 as reducing 
reagent is shown in Fig. 2. Without  K2SO3, the dissolution 
of lithium and aluminum proceeded almost linearly with 
reaction time. With  K2SO3, dissolution was significantly 
accelerated, reaching the equilibrium values within 1 h. 
In this study, the reaction time would be fixed at 3 h for 
further experiments.

When the concentration of  K2SO3 was increased to 
0.2 M from its base case value of 0.1 M, 3.95% of Ni dis-
solved in the solution. This was expected because when 
pH is higher than 1.6, Ni forms a soluble complex with 
 C2O4

2− ions present in the system.19 When the concen-
tration of  K2SO3 was reduced to 0.05 M, the recovery of 
lithium and aluminum would drop to 87.0% and 73.7% 
respectively, indicating that there was not enough reduc-
ing reagent to react with LNCA cathode materials.

3.1.2  Effect of temperature

The temperature was varied from 65 to 85 °C while keep-
ing other parameters at their base case values (fourth row 
of Table 1). The experimental results show that when the 
temperature was decreased from 95 °C (base case value) to 
85 °C, the lithium and aluminum recovery decreased from 
97.8%, and 91.6% to 95.2%, and 84.2%, respectively. The 
temperature variation shows a more substantial impact 

Table 1  Experimental results on the selective dissolution of lithium 
from cathode materials

Experimental conditions % of metals being dissolved from the 
cathode materials

Li (wt%) Ni (wt%) Co (wt%) Al (wt%)

Base case  Coxa = 1 M, 
T = 95 °C, S/L = 35 g/L, 
 Creductant = 0.1 M

97.8 0.16 N.D. 91.6

C K2SO3 (M)
 0.05 87.0 N.D. N.D. 73.7
 0.2 100 3.95 N.D. 97.1

T (°C)
 65 93.0 0.08 N.D. 78.8
 75 94.7 0.10 N.D. 80.1
 85 95.2 0.18 N.D. 84.2

S/L (g/L)
 30 98.8 N.D. N.D. 96.0
 40 83.3 N.D. N.D. 90.6
 50 68.0 2.28 3.09 46.9
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on the dissolution of aluminum than the dissolution of 
lithium.

3.1.3  Effect of solid‑to‑liquid feed ratio

The S/L ratio was varied from 30 to 50 g/L (fifth row of 
Table 1). Experimental results show that 97.8% of lithium 
and 91.6% of aluminum were dissolved for an S/L ratio of 
35 g/L (base case). It dropped to 83.3% and 90.6% for an 
S/L ratio of 40 g/L and was further reduced to 68.0% and 
46.9% at 50 g/L. A better recovery was achieved at the 
S/L ratio of 30 g/L, giving a recovery of 98.8% for lithium 
and 96.0% for aluminum. Therefore, an S/L ratio of 30 g/L, 
instead of the base case value, was further considered 
below.

3.1.4  Solid characterization

The solid residue needs to be characterized to investigate 
the chemical reaction happened during dissolution. The 
solid residue was collected from the selective dissolution 
using 1 M of oxalic acid, and 0.1 M of  K2SO3, with an S/L 
ratio of 30 g/L, at the temperature of 95 °C. Lithium and 
aluminum were found in the liquid after selective lithium 
dissolution as measured by ICP-OES. Nickel and cobalt 
were present in the solid residue in a ratio of 5.3:1. Moreo-
ver, lithium and aluminum account for 0.1% and 0.04% 
in the solid residue, respectively. The cathode material 
particles before and after selective dissolution are shown 
by SEM in Fig. 3. After dissolution, much smaller particles 
remained. The EDX mapping in Fig. 4 shows that Ni and Co 

Fig. 2  The recovery of Li and 
Al in the solution a without 
 K2SO3, and b with  K2SO3 for 
different reaction times

0 5 10 15 20 25 30 35 40

40

60

80

100

Li
Al

w
t%

 o
f m

et
al

 
di

ss
ol

ve
d 

in
 th

e 
so

lu
tio

n

Reaction time (h)

(a)

0 20 40 60 80 100 120 140 160 180 200

40

60

80

100

Li
Al

w
t%

 o
f m

et
al

 
di

ss
ol

ve
d 

in
 th

e 
so

lu
tio

n

Reaction time (min)

(b)

Fig. 3  SEM photos of a, b low 
and high magnification of 
cathode powder, c, d low and 
high magnification of solid 
residue after the selective dis-
solution
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evenly distributed in the particles after dissolution, but no 
aluminum was detected.

The XRD data of the solid residue is shown in Fig. 5a, 
which indicates that mixed metals were present [21]. 
The presence of Ni and Co oxalates was further con-
firmed by ATR and TGA. Figure 5b shows the ATR spec-
troscopic results of the solid residue. The bands at 1310 
and 1359  cm−1 can be assigned to O–C–O symmetric 

stretching, and the band at 1610 cm−1 is the result of 
asymmetric stretching. The broadband at 3370 cm−1 is the 
fingerprint of hydration in the residue [22–25]. Figure 5c 
shows the TGA results obtained for the solid residue in 
the air at a heating rate of 10 K/min. No weight loss was 
observed below 150 °C, implying that the powder had no 
free water. From 150 to 230 °C, the weight loss was about 
19.5%, which corresponded to the release of two structural 

Fig. 4  EDX mapping of a cathode materials, b solid residue after selective dissolution

Fig. 5  a XRD patterns, b ATR 
results, and c TGA results of 
solid residue after oxalic acid 
dissolution
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water molecules [26]. The weight loss matched well the 
theoretical value of 19.5% when  H2O was released from 
a mixture of  NiC2O4·2H2O, and  CoC2O4·2H2O in the ratio 
mentioned above. The second stage weight loss resulted 
from oxalate decomposition [27–29].

Taken together, it could be concluded that the liquid 
phase after selective lithium dissolution was made up 
of  Li+,  Al3+,  HC2O4

−, and  H2C2O4. The solid residue was a 
mixture of  CoC2O4·2H2O and  NiC2O4·2H2O. The solution 
(stream 3) after selective dissolution contains 2370 ppm 
of  Li+ and 294 ppm of  Al3+.

3.2  Aluminum removal (step 2)

Since  K2C2O4 has a higher solubility than  Na2C2O4, and 
 (NH4)2C2O4, KOH was selected here as the precipitant. In 
addition, a concentration of 10 M was used to minimize 
the dilution of the lithium in the solution, which would 
affect the lithium recovery afterwards. The results of alu-
minum removal are listed in Table 2. By adding 0.4 mL of 
10 M KOH, 77.8% of Al was precipitated as Al(OH)3. The 
recovery increased to 99.2% when 0.5 mL of 10 M KOH 

was used. More was not better. The recovery of Al would 
drop back to 53.5% by increasing the volume of KOH from 
0.5 mL to 0.6 mL. The reason can be understood from Fig. 
S1, which was simulated using the Medusa software [30] 
and shows the relation between the solubility of different 
aluminum species and pH. As the pH of the solution after 
the selective dissolution is around 1.6, aluminum was in 
the form of soluble complexes with oxalate ions. When the 
pH > 12, soluble Al(OH)4

− became the dominant species. At 
0.6 mL KOH, the pH was 12.54 (Table 2).

3.3  Lithium recovery (step 3)

After the removal of Al, the solution (stream 7) contained 
Li + , K + ,  C2O4

2−, and  OH−. Lithium was recovered by 
chemical precipitation using  K2CO3 as the precipitant at an 
elevated temperature of 80 °C [31]. By adding 4 mL of 5 M 
 K2CO3 solution to 20 mL of feed solution (stream 7), the 
concentration of lithium dropped from 2313 to 543 ppm, 
giving a lithium recovery of 76.5% as lithium carbonate. 
The XRD and SEM are shown in Fig. 6a and b, respectively, 
and the purity was checked by ICP, which is > 99.5%.

3.4  Acid baking of the mixed oxalates (step 4) 
and dissolution (step 5)

The solid stream (stream 4) after selective dissolution 
contained Co and Ni to be separated. Thermal treatment 
could be used to process the oxalates. However, the prod-
ucts from the thermal decomposition of  NiC2O4·2H2O and 
 CoC2O4·2H2O [21], which are NiO and  Co2O3, still need fur-
ther processing. Instead, an oxidative, thermal treatment 
using sulfuric acid is used to convert the mixed oxalates 
to mixed sulfates following the chemical equation below:

Table 2  Experimental results on aluminum removal by chemical 
precipitation (10 mL feed)

Precipitant The volume 
of precipi-
tant (mL)

pH of the 
solution 
after pre-
cipitation

The con-
centration 
of Al in the 
solution 
(ppm)

% of Al pre-
cipitated as 
solid (%)

KOH (10 M) 0.4 9.37 65.4 77.8
0.5 10.87 2.21 99.2
0.6 12.54 137 53.5
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Fig. 6  a XRD patterns and b SEM photos of recovered  Li2CO3 using  K2CO3 as precipitant
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Sulfuric acid was selected over other mineral acids 
because at 337 °C it has the highest boiling point. The 
amount of sulfuric acid was determined according to 
the stoichiometry ratio in Eq. 1. The reaction temper-
ature was fixed at 300 °C. The XRD patterns and SEM 
photo of the solids after thermal treatment is shown 
in Fig. 7. The XRD pattern of the solids matched well 
with that of pure  NiSO4·2H2O, which is shown in Fig. 7a. 
The morphology was changed from parallelepipedic to 
irregular particles, as revealed in Fig. 7b.

3.5  Cobalt precipitation by oxidation (step 6)

The separation of Co and Ni was achieved because of 
the difference in solubility of Ni(OH)2 (pKs = 14.2) and 
 Co2O3 (pKs = 40.5) [4]. The feed was prepared by dissolv-
ing the mixed sulfates in an S/L ratio of 50 g/L, giving 
an initial pH of 1.83. NaClO was used as an oxidant to 
oxidize  Co2+ to  Co3+ [32]. The reaction is shown below:

A series of experiments were conducted to investi-
gate the effects of the molar ratio between NaClO and 
Co on the metal recovery of Co and Ni, as shown in 
Fig. 8. As the amount of NaClO increased, the recovery 
of cobalt was increased from 37.23 to 92.2%. Meanwhile 
0.18% and 2.23% of nickel were co-precipitated at the 
same two ratios. As most of cobalt was precipitated, the 
remaining nickel in the solution can be recovered as 
Ni(OH)2 by adding KOH.

(1)
MC2O4 + 2H2SO4 → MSO4 + 2CO2 + SO2 + 2H2O(M = Ni andCo)

(2)2Co
2+

+ ClO
−
+ 2H2O → Co2O3 + 4H

+ + Cl
−

4  Conclusion

A process to recover all the valuable metals from LNCA 
cathode materials was developed. In step 1, selective dis-
solution using oxalic acid was conducted. The conditions 
under which the maximum lithium and aluminum dis-
solved from the cathode materials were identified. Then, 
the  Al3+ and  Li+ in the liquid stream were recovered sepa-
rated by chemical precipitation in step 2 and step 3, using 
KOH and  K2CO3, respectively. The solid mixture from step 1 
underwent an acid baking treatment to produce a mixture 
of nickel and cobalt sulfates. The sulfate mixture was dis-
solved in water and then separated using NaClO.

Cathode materials with relatively low aluminum con-
centration were used as the feed in this paper. If cathode 
on an aluminum foil is considered as the feed, the alu-
minum in the current collector would give a much higher 

Fig. 7  a XRD patterns and b 
SEM photos of solid produced 
from acid baking
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concentration of aluminum in the solution stream, which 
might lead to a formation of gel like Al(OH)3. Additional 
work still needs to be pursued to solve such issue.
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