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Abstract
Tannic acid–acetic acid is proposed as novel and green chemicals for cobalt and lithium recycling from spent lithium-ion 
batteries through a leaching process. The synergism of both acids was documented through batch and continuous studies. 
Tannic acid promotes cobalt dissolution by reducing insoluble  Co3+ into soluble  Co2+, while acetic acid is critical to improve 
the dissolution and stabilize the metals in the pregnant leach solution. Based on batch studies, the optimum conditions for 
metal recovery at room temperature are acetic acid 1 M, tannic acid 20 g/L, pulp density 20 g/L, and stirring speed 250 rpm 
(94% cobalt and 99% lithium recovery). The kinetic study shows that increasing temperature to 80 °C improves cobalt and 
lithium recovery from 65 to 90% (cobalt) and from 80 to 99% (lithium) within 4 h at sub-optimum condition (tannic acid 
10 g/L). Kinetic modeling suggests the leaching process was endothermic, and high activation energy indicates a surface 
chemical process. For other metals, the pattern of manganese and nickel recovery trend follows the cobalt recovery trend. 
Copper recovery was negatively affected by tannic acid. Iron recovery was limited due to the weak acidic condition of preg-
nant leach solution, which is beneficial to improve leaching selectivity.
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recycling technology for Co and Li is warranted. It is esti-
mated that in 2020, spent LIB produced would reach 400 
million tons [2]. Apart from securing the supply, recycling 
is also practiced to reduce the burden to the environment due 
to toxic, yet valuable content in LIB.

There are three extraction schemes applied in metal recy-
cling from spent LIB: pyrometallurgy, hydrometallurgy, and 
biometallurgy. In pyrometallurgy, the spent LIB is mixed 
with reductant and fluxes and is melted at high tempera-
tures. During melting, the transition metals such as Co will 
be reduced to a metal alloy, while Li will be transferred 
into the slag phase as silicate [3]. Li recovery from the slag 
requires further treatment, e.g., roasting, before it is finally 
hydrometallurgically processed [4]. High energy consump-
tion, toxic gas emission, and Li loss in the processing limit 
the applicability of pyrometallurgy in spent LIB recycling. 
Biometallurgy uses microorganisms to produce in situ lix-
iviants, which dissolve elements in spent LIB. Although the 
approach is considered cost-effective and environmentally 
friendly [5, 6], the adaptation to industrial scale is still lim-
ited [7]. Hydrometallurgy is widely employed due to lower 
energy input. By using chemicals (lixiviants), the target 

Introduction

Lithium-ion battery (LIB) is a type of rechargeable battery 
widely used as energy storage in electronic devices [1]. 
Since energy storage technology is improving, the demand 
for certain elements, especially cobalt (Co) and lithium 
(Li), has been increasing. Unfortunately, natural resources 
for both elements are not evenly distributed in nature. In the 
case of Li, most natural resources are concentrated in few 
countries, e.g., Argentina, Chile, and China, leading to its 
criticality. Due to their scarcity and geopolitical position, 
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metals are dissolved out from the spent LIB and further 
separated and purified from pregnant leach solution (PLS) 
using solvent extraction [8], precipitation [9], and solid-
phase extraction [10].

Literature survey reveals that lixiviants used to recover 
Co and Li include inorganic and organic lixiviants. Inor-
ganic lixiviants such as sulfuric acid [7, 11], nitric acid [12], 
hydrochloric acid [13], and phosphoric acid [14] are com-
monly combined with a reductant, e.g., hydrogen peroxide 
to dissolve Co and Li from the LIB cathode. Due to the 
aggressive nature of the acids, several research groups have 
shifted their attention to safer organic lixiviants, e.g., malic 
acid [15], lactic acid [16], citric acid [17], and oxalic acid 
[18, 19]. Organic compounds are used to stabilize Co as 
complexes in PLS, and some also serve as reductants [20]. 
Aside from hydrogen peroxide [21, 22], very few reductants 
have been proposed for Co and Li leaching. The reductant 
is critical in the leaching process to promote solubility of 
Co by reducing insoluble  Co3+ in the spent LIB cathode 
 (LiCoO2) into soluble  Co2+ (1). Inorganic reductants sug-
gested so far include bisulfite [23], sodium sulfite [24], and 
divalent iron [25], while organic reductants recommended 
were glucose [26], ascorbic acid [27], and ethanol [28].

Although organic reductants pose lower hazard, the leach-
ing efficiency still needs improvement. This is related to the 
reducing capacity of each reductant, i.e., the amount of elec-
tron released by each gram of reductant during a redox reac-
tion, e.g., glucose 133.2 mmol/g and ethanol 43.31 mmol/g 
[29]. To improve leaching efficiency and consider economic 
reasons, we propose tannic acid (TA) as a novel and green 
reductant for Co and Li extraction from spent LIB. TA as 

(1)
2LiCoO2(s) + 3H2SO4(aq) + H2O2(aq)

→ 2Co2+
(aq)

+ 3SO2−
4(aq)

+ 2Li+
(aq)

+ 4H2O(l) + O2(g).

a polyphenolic compound with a high estimated reducing 
capacity (203.5 mmol/g) [29] is inexpensively extracted 
from plant tissue.

To the best of our knowledge, there is no report avail-
able investigating the effect of TA as a reagent for spent 
LIB leaching. Therefore, in this study, the ability of TA as 
reductant will be tested in dissolving Co and Li from spent 
LIB. The use of TA will be combined with acetic acid as 
a pH regulator to create an acidic condition favorable for 
maintaining Co in the PLS. In addition, the selection of ace-
tic acid is meant to comply with the green and sustainable 
principle in the recycling process (Fig. 1). For that reason, 
the main objective of this research is to investigate the effi-
cacy of tannic acid-acetic acid as a lixiviant for Co and Li 
leaching from spent LIB. The correlation between initial 
leaching conditions, i.e., tannic acid concentration, acetic 
acid concentration, pulp density, stirring speed, and kinetic 
study (leaching time and temperature) to dissolution rate of 
Co, Li, and other metals from spent LIB will be examined 
and discussed, including the possible leaching mechanism.

Materials and methods

Material and instrumentation

Spent LIB (18,650 type) was obtained from a local scrapy-
ard in Jakarta, Indonesia. The batteries were discharged and 
manually dismantled to separate their components. The cath-
ode component was ball milled and sieved. A size fraction 
less than 270 mesh (53 μm) was used further in the leaching 
studies. XRD characterization (Panalytical, Expert3 Powder) 
revealed the major phase in the raw materials to be graph-
ite (C) and  LiCoO2. After leaching, XRD analysis showed 
the residue consisted of graphite (Fig. 2). Acid digestion 

Fig. 1  Proposed novel leaching 
of LIB cathode using tannic 
acid-acetic acid as green and 
sustainable lixiviants
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of cathode powder  (HNO3–HCl 1:3) followed by elemental 
determination by ICP-OES (Analytik Jena, Plasma Quant 
9000 Elite, Germany) resulted in metal concentration listed 
in Table 1.

Tannic acid was obtained from Bean Town Chemicals, 
USA. Acetic acid glacial, sodium hydroxide, and nitric 
acid were purchased from Merck, Darmstadt, Germany, 
all in analytical grade. Solution pH/Eh was measured 
using a pH/ORP meter (Oakton 45, Vernon Hills, IL, 

USA). Deionized (MilliQ) water was used throughout the 
experiments.

Leaching experiment

The batch method was applied to optimize the leaching 
condition and investigate the correlation between the initial 
leaching condition, i.e., tannic acid concentration, acetic 
acid concentration, pulp density, and stirring speed to Co 
and Li recovery. Typically, 1 g of cathode powder was mixed 

Fig. 2  XRD profile of spent LIB cathode a before and b after leaching (leaching condition: acetic acid 1 M, tannic acid 20 g/L, pulp density 20 
g/L, temperature 80 °C, stirring rate 250 rpm, leaching time 6 h)

Table 1  Content of metal of 
interest in spent LIB cathode 
powder

Element Co Li Cu Fe Mn Ni

Content (%) 27.1 ± 0.71 3.82 ± 0.12 2.17 ± 0.01 0.67 ± 0.01 0.98 ± 0.01 0.84 ± 0.01
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with lixiviant (tannic acid-acetic acid mixture) in a sealed 
conical flask. The mixture was homogenized using an orbital 
shaker for 12 h at room temperature. After equilibrium, the 
PLS was separated from solid residue by filtration (What-
man 42 filter paper) and analyzed using ICP-OES for metal 
concentration determination. Metal recovery was calculated 
using a mass balance (2).

where CE is the metal concentration in filtrate/lixiviant 
(mg/L), Co themetal content in cathode powder (mg/g), m 
the mass of cathode powder used in leaching (g), and V the 
leaching agent volume (L).

To evaluate the effect of leaching time and temperature on 
Co and Li recovery, 5 g of cathode powder was equilibrated 
with 250 ml lixiviant (20 g/L pulp density) in a 1000 ml 
boiling flask. The mixture was stirred, and the temperature 
was controlled using a water bath (temperature variation 
within 1 °C). PLS was sampled at a particular time interval, 
and the metal content was determined using ICP-OES.

Results and discussion

Effect of tannic acid concentration

The effect of tannic acid was studied between 0 (control test) 
and 24 g/L (Fig. 3a). The figure demonstrates that the addi-
tion of tannic acid significantly increased the recovery of Co 
and Li. Increasing Co dissolution due to oxidation of tannic 
acid (3) [30] by  Co3+ in LIB (4) resulted in soluble  Co2+ (5).

Combining (2) and (3),

At the control test (tannic acid 0 g/L), Co and Li recover-
ies were 39% and 55%, respectively, which were significant. 
Since  Co3+ was virtually insoluble in 1 M acetic acid media, 
the existence of Co in PLS was most likely contributed by 
 Co2+ as the product of acetic acid oxidation according to 
reaction (6). Further, when initial tannic acid concentration 
increased to 20 g/L, Co and Li recoveries improved to 94% 
and 100% (Fig. 3a). This confirms the efficacy of tannic 
acid as a reductant for Co and Li leaching from the spent 
LIB battery.

(2)R =
(

C
E
× V

)

∕
(

C
o
× m

)

,

(3)C55H40O54 + 56H2O → 55CO2 + 152H+ + 152e−,

(4)LiCoO2 + 2H2O + e
−
→ Li+ + Co2+ + 4OH−.

(5)
152LiCoO

2
+ C

55
H

40
O

54

→ 152Li
+ + 152Co

2+ + 55CO
2
+ 456OH

−
.

The measurements of pH and Eh at initial and equilibrium 
conditions (Fig. 3b) showed that PLS became more alkaline 
(pH increased) and more reducing (Eh decreased) during 
leaching. The figure also demonstrates that increasing tan-
nic acid concentration caused the increasing pH of pregnant 
leach solution after leaching, which confirmed the redox 
reaction followed reaction (5). The measured equilibrium 
pH of PLS at TA 24 g/L was 3.82. This pH was still within 
acceptable pH to maintain metal, i.e.,  Co2+ in the aqueous 
phase (pH < 8), according to Pourbaix diagrams in Fig. 4 
(generated using Hydra and Medusa, KTH Royal Institute 
of Technology, 2015). In terms of Eh value, as expected, 
increasing tannic acid concentration made the solution more 
reducing. At control condition (TA 0 g/L), the Eh decreased 
from 0.241 to 0.175 V, which was presumably contributed 
by acetic acid degradation (6). In contrast, at TA 24 g/L, 
Eh changed from 0.246 to 0.158 V. These range values, 

(6)
8LiCoO

2
+ CH

3
COOH + 18H

2
O

→ 8Li
+ + 8Co

2+ + 2CO
2
+ 24OH

−
.

Fig. 3  a Metal recovery of Co and Li, b pH and Eh change during 
leaching according to initial tannic acid concentration. Constant vari-
ables acetic acid concentration (1 M), pulp density (20 g/L), stirring 
rate 250 rpm, room temperature, 12 h
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according to the Pourbaix diagram (Fig. 4), were favorable 
for Co reduction or solubilization (Eh > −0.3 V).

Figure 5 depicts the influence of leaching time and tannic 
acid on Co and Li recovery at room temperature. Increas-
ing tannic acid clearly increased the maximum recovery 
of both metals, but insignificantly improved the leaching 
rate. Visual observation on Fig. 4 implied that the leaching 
reached saturation (maximum recovery) within 240 min, 
regardless of initial tannic acid concentration. On calcula-
tion using tannic acid-reducing capacity (203.5 mmol  e−/g), 
Eq. (5), and leaching condition (acetic acid 1 M, solid–liquid 
ratio 20 g/L), to dissolve all Co, the minimum tannic acid 
concentration required was 0.45 g/L. Although the tannic 
acid concentration employed in the kinetic test exceeded 
the stoichiometric value, the Co recovery did not reach 
the maximum value. When tannic acid changed from 5 to 
20 g/L, maximum recovery of Co rose from 40 to 80% and 
for Li from 45 to 80%. The results implied that the reaction 
between  Co3+ in solid and tannic acid in the liquid phase was 
also controlled or limited by other mechanisms. A possible 
mechanism is the passivation of  LiCoO2 by an insoluble 
layer of Co(OH)2 as a product of redox reaction (5, 6). The 
insoluble layer would prevent further reaction between  Co3+ 
and tannic acid–acetic acid, halting the dissolution. Co(OH)2 
on the surface of  LiCoO2 was observed by FT-IR charac-
terization (Fig. 6). The figure shows the FT-IR spectra of 
 LiCoO2 before and after leaching. Peaks between 3200 and 
3600  cm−1 were assigned to the stretching vibration of the 
O–H groups. The presence of metal hydroxide was indicated 
by peaks around 500 and 750  cm−1, while specifically, the 
presence of Co(OH)2 was confirmed by peaks at 1059 and 
1123  cm−1 [31–34].

Fig. 4  Pourbaix diagram for Co [metal concentration 4.6 mM at ace-
tic acid 0 M (dashed lines) and 1 M (solid lines)]

Fig. 5  The effect of leaching time and tannic acid concentration to a 
Co and b Li recovery (constant variable acetic acid 1 M, solid-liquid 
ratio 20 g/L, stirring rate 250 rpm, room temperature)

Fig. 6  FT-IR spectrum of  LiCoO2 before leaching (Li P-270) and 
after leaching (TA) with leaching condition: acetic acid 0.2 M, tannic 
acid 10 g/L, solid liquid ratio 20 g/L, room temperature, stirring rate 
250 rpm, leaching time 6 h
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Effect of acetic acid concentration

The effect of acetic acid was tested between 0 M (control 
test) and 2 M. The results in Fig. 7a support the hypotheses 
that the increasing acetic acid concentration promotes Co 
and Li dissolution (more acidic condition). At the control 
test, Co and Li recoveries were 3.5% and 33%, respectively. 
The recovery improved to 82% for Co and 93% for Li at ace-
tic acid 2 M. Acetic acid concentration 1 M was chosen as 
optimum concentration, since the majority of Co and Li had 
been leached at this concentration (Co > 60% and Li > 70%). 
Although the leaching efficiency could be improved at higher 
acetic acid concentration, acetic acid 1 M was deliberately 
chosen for further studies (effect of pulp density, temperature 
and leaching time) to stress out the effect of other leaching 
parameters in boosting Co and Li recovery.

Figure 7b shows the pH and Eh change during leaching 
according to initial acetic acid concentration. The recovery 
of Co at the control test was minimum due to almost neutral 
pH (6.75) at equilibrium, which contradicted the data in the 
Pourbaix diagram (Fig. 4). The chart implied that neutral pH 

is still favorable for Co dissolution. This can be explained 
by the passivation mechanism by Co(OH)2 as the product 
of redox reaction (5). Limited acid in PLS was insufficient 
to remove the insoluble layer, which prevented further solu-
bilization of  Co3+. Therefore, increasing acetic acid would 
be beneficial to prevent passivation. In the case of Eh value, 
the PLS became more reductive, which was favorable for Co 
dissolution (Fig. 7).

Figure 8 displays the recovery of Co and Li as a func-
tion of leaching time and acetic acid concentration. Increas-
ing acetic acid concentration enhanced Co and Li recovery. 
Similar to kinetic results in Fig. 5 (effect of tannic acid), 
raising acetic acid concentration did not improve the initial 
recovery rate, albeit increased maximum recovery. Leaching 
saturation rose from 30 to 60% for Co and from 50 to 65% 
for Li when acetic acid increased from 0.2 to 1 M. Based on 
the figure, the leaching efficiency reached saturation within 
180 min for Co and Li irrespective of the acetic acid con-
centration. Considering pKa of acetic acid 4.76, the acetic 
acid concentration used in kinetic studies (0.2, 0.5, and 1 M) 
was insufficient to produce the proton required to neutralize 

Fig. 7  a Metal recovery of Co and Li, b pH and Eh change during 
leaching according to initial acetic acid concentration. Constant vari-
ables tannic acid concentration (10 g/L), pulp density (20 g/L), stir-
ring rate 250 rpm, room temperature, 12 h

Fig. 8  The effect of leaching time and acetic acid concentration to a 
Co and b Li recovery (constant variable tannic acid 10 g/L, solid-liq-
uid ratio 20 g/L, stirring rate 250 rpm, room temperature).



933Journal of Material Cycles and Waste Management (2022) 24:927–938 

1 3

 OH− produced during redox reaction between  LiCoO2 and 
tannic acid (5). The remaining  OH− would form an insolu-
ble layer with  Co2+. This supports that dissolution was con-
trolled by surface passivation.

Effect of pulp density and stirring speed

The effect of solid–liquid ratio during leaching was tested 
from 2 to 100 g/L (Fig. 9a). Increasing pulp density nega-
tively affected Co and Li recovery. Co and Li recovery at 
pulp density 2 g/L was 96.5% and 99.9%, respectively, 
which decreased to 42% and 32% at pulp density 100 g/L. 
Decreasing metal recovery due to increasing pulp density 
is caused by reducing area per unit volume solution. This, 
in turn, reduces reaction sites and affected the reaction rate. 
On the other hand, lower pulp density (higher liquid–solid 
ratio) encourages the diffusion of lixiviant molecules into the 

solid–liquid interface, promoting the leaching reaction rate 
[35]. The influence of stirring speed was studied from 50 to 
250 rpm. Figure 9b shows that increasing stirring speed from 
50 to 250 rpm only enhances the metal recovery by about 
20%. Increasing recovery due to higher stirring speed was 
attributed to the external diffusion process [36].

Effect of leaching time and temperature (kinetic 
modeling)

The influence of leaching time and temperature to Co and 
Li recovery was observed within 6 h at 6 different tempera-
tures (27, 40, 50, 60, 70, and 80 °C). As shown in Fig. 10, 
increasing temperature boosted leaching recovery, which 
confirmed that the leaching process was endothermic. Co 
leaching recovery improved from 60 to 90% and for Li from 
60 to 100% when the leaching temperature rose from 27 °C 
to 80 °C. Figure 10 indicates the longer time required to 
attain maximum recovery as temperature increased. At 
room temperature, leaching saturation was achieved within 

Fig. 9  The effect of a pulp density (constant variable acetic acid 1 M, 
tannic acid 10 g/L, stirring speed 250 rpm, room temperature) and b 
stirring speed (constant variable acetic acid 1 M, tannic acid 10 g/L, 
pulp density 20 g/L, room temperature) on Co and Li leaching effi-
ciency

Fig. 10  The influence of leaching time and temperature on the a Co 
and b Li recovery. Constant variables: acetic acid 1  M, tannic acid 
10 g/L, and pulp density 20 g/L
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120 min, while at 80 °C, Co and Li maximum recovery was 
reached within 240 min.

To describe and analyze kinetic data and to discern the 
process controlling the dissolution of Co and Li from spent 
LIB cathode. Several kinetic models widely known, such 
as the shrinking core model (SCM) and shrinking particle 
model (SPM), will be applied. SCM is based on a reac-
tion between the heterogeneous solid–liquid phase (outer 
surface) [37]. In SPM, the dissolution process is assumed 
to be controlled by diffusion through the inner layer [38]. 
Both SCM and SPM do not consider the change of reac-
tant/product concentration in bulk solution. Another kinetic 
model that considers the reactant change in bulk solution is 
the interface transfer and diffusion model (ITD) proposed 
by Dickinson and Heal [39]. The fitting results in Table 2 
show that SCM and SPM are not sufficient to describe 
the experimental kinetic data as demonstrated by lower 
coefficient correlation (R2). ITD was better to describe the 
experimental data since the model considered the change 
of tannic acid and acetic acid as reactants in bulk solu-
tion during Co and Li dissolution. The k value obtained 
from the fitting using ITD was used to calculate activa-
tion energy (Ea, kJ/mol) using the Arrhenius Eq. (7). A, T, 
and R are frequency factor, temperature, and gas constant, 
respectively.

Plot between 1/T and ln k in Fig. 11 resulted in two 
slopes for Co and a single slope for Li. For Co, the first 
slope at 27–60  °C and the second slope at 60–80  °C 
yielded activation energy of 9.8 kJ/mol and 92.7 kJ/mol. 
Low activation energy at the lower temperature (<40 kJ/
mol) indicated domination of physical attraction between 
bulk volume and solid phase, while at the higher tem-
perature, high activation energy (>40 kJ/mol) implied the 
domination of surface chemical process [40]. In the case 
of Li, calculated activation energy 51.7 kJ/mol suggested 
that Li dissolution was a surface chemical process [36, 
37].

(7)k = Ae
(−Ea∕RT) or ln k = lnA −

E
a

RT
.

Dissolution of other metals (Cu, Ni, Mn, and Fe)

The effect of acetic acid, tannic acid, pulp density, and stir-
ring speed on other metals dissolution is shown in Fig. 12. 
Increasing acetic acid concentration improved Cu, Ni, and 
Mn recovery (Fig. 12a). In the case of Fe, the recovery was 
not affected by acetic acid concentration, which was prob-
ably due to the limited solubility of iron in equilibrium pH 
(>3.5) (Fig. 7b). The recovery of Cu, Ni, and Mn at acetic 
acid 0 M was minimum due to almost neutral pH at equi-
librium (pH 6.75) (Fig. 3b), which encouraged surface pas-
sivation. Mn and Ni dissolution sharply increased, even at 
a low concentration of acetic acid. In the case of Cu, sig-
nificant dissolution occurred at minimum acetic acid 0.5 M 
(Fig. 12a), which corresponded to pH and Eh value 4 and 
0.153 V. This condition is in line with data in the Porbaix 
diagram (Fig. 13), which imply minimum Eh for Cu dis-
solution is 0.15 V.

The inertness of Cu to the dissolution was more pro-
nounced in the tannic acid effect (Fig. 12b), since tannic 

Table 2  Correlation coefficient 
for fitting of experimental data 
using shrinking core, shrinking 
particle and interface transfer 
and diffusion model. SCM 
(shrinking core model), SPM 
(shrinking particle model), ITD 
(interface transfer and diffusion 
model); k (apparent rate 
constant,  min−1), t (time, min), 
x (metal recovery)

Element Model Equation Coefficient of correlation, R2

27 °C 40 °C 50 °C 60 °C 70 °C 80 °C

Co SCM kt = 1 − (1 − x)1/3 0.894 0.870 0.830 0.892 0.927 0.985
SPM kt = 1 − (1 − x)2/3 0.856 0.794 0.743 0.797 0.867 0.952
ITD kt = 1/3ln(1 − x) − [1 − (1 − x)−1/3] 0.915 0.910 0.900 0.961 0.958 0.936

Li SCM kt = 1 − (1 − x)1/3 0.827 0.815 0.845 0.844 0.915 0.877
SPM kt = 1 − (1 − x)2/3 0.796 0.768 0.782 0.77 0.878 0.834
ITD kt = 1/3ln(1 − x) − [1 − (1 − x)−1/3] 0.854 0.848 0.927 0.949 0.944 0.954

Fig. 11  1/T–k (Arrhenius plot) for Co and Li dissolution
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acid decreased the Eh value (more reductive), as shown in 
Fig. 3b. The leaching efficiency of Ni and Mn was posi-
tively affected by tannic acid concentration, since both met-
als favorably existed in PLS within equilibrium Eh and pH 
(Pourbaix diagram, Fig. 13). The effect of pulp density and 
stirring speed on Cu, Ni, Mn, and Fe leaching efficiency 
are depicted in Fig. 12c, d, respectively. Fe recovery was 
severely affected by pulp density. In the case of stirring 
speed, metal recovery only increased about 20% if the speed 
rose from 50 to 250 rpm. In general, compared to previ-
ously reported lixiviants (reductant, pH regulator), the tan-
nic acid–acetic acid combination possessed advantages in 
terms of consumption rate and lower hazard with competi-
tive leaching efficiency (Table 3).

Conclusions

Tannic acid–acetic acid was successfully applied as a novel 
and green reagent for Co and Li recycling from spent LIB 
cathode. Tannic acid was proved to be an effective reducing 
agent by encouraging Co solubilization through reduction to 
divalent species. Acetic acid was confirmed as a pH regula-
tor, while in the absence of tannic acid, acetic acid could act 
as a reductant. The acetic acid concentration was critical 
since it improved metal solubility, especially Co, by buffer-
ing the pH within acidic range, maintaining the metals in the 
aqueous phase, and preventing surface passivation. Batch 
studies revealed the optimum condition was acetic acid 1 M, 
tannic acid 20 g/L, pulp density 20 g/L, and stirring speed 

Fig. 12  Leaching efficiency of Cu, Mn, Ni, and Fe according to a 
acetic acid concentration (constant variable tannic acid concentration 
10  g/L, pulp density 20  g/L, stirring rate 250  rpm, room tempera-
ture, 12 h, b tannic acid concentration (constant variable acetic acid 
concentration 1 M, pulp density 20 g/L, stirring rate 250 rpm, room 

temperature, 12 h, c pulp density (constant variable acetic acid 1 M, 
tannic acid 10 g/L, stirring speed 250 rpm, room temperature) and d 
stirring speed (constant variable acetic acid 1 M, tannic acid 10 g/L, 
pulp density 20 g/L, room temperature)
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250 rpm (Co 93% and Li 99%). Kinetic studies result at sub-
optimum condition (tannic acid 10 g/L) showed that increas-
ing temperature from 27 °C to 80 °C improved recovery 
from 62 to 92% for Co and 66% to 99% for Li, within 4 h. 
Kinetic modeling obeyed the interface and diffusion model, 
suggesting the leaching process was controlled by reactant 
and product concentration in the liquid phase. Activation 

energy analysis resulted in a different pattern for Co and Li 
leaching. Based on lnk-1/T plot, only one slope was observed 
for Li (Ea 51.7 kJ/mol, indicating surface chemical reaction 
and process rate-controlling step), while for Co, two slopes 
were observed. Activation energy 9.8 kJ/mol (T 27–60 °C) 
and 92.7 kJ/mol (T 60–80 °C) for Co indicated physical 
attraction dominates the lower temperature process and 

Fig. 13  Pourbaix diagram for 
a Cu, b Fe, c Ni and d Mn, Cu 
0.34 mM, Fe 0.12 mM, Ni 0.14 
mM and Mn 0.18 mM at acetic 
acid 0 M (dashed lines) and 1 M 
(solid lines)

Table 3  Previous and current studies on lithium battery leaching using various reductants and pH regulator

Lixiviants (reductant, pH regulator) Pulp density 
(g/L)

Tempera-
ture (°C)

Leaching 
time (min)

Co recov-
ery (%)

Li recovery (%) References

Ascorbic acid 1.25 M (220 g/L) 25 70 20 95 99 [41]
Glycine 300 g/L,  H2O2 10% vol 10 80 420 97 91 [42]
H2SO4 2 M (196 g/L),  H2O2 5% 100 75 70 99 [22]
Oxalic acid 1 M 50 80 120 68 98 [43]
Glucose 0.02 M (3.6 g/L), phosphoric acid 1.5 M 80 120 98 100 [44]
Formic acid 10 M 50 80 180 50 100 [45]
Ethanol 5% vol, sulfuric acid 3 M 20 90 160 99 99 [28]
Ammonium sulfite 1 M, ammonia 1.5 M, ammo-

nium bicarbonate 1 M
20 60 180 81 61 [46]

Tannic acid 20 g/L, acetic acid 1 M 20 80 180 86 100 This study
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surface chemical process in higher temperature, respectively. 
Mn and Ni recovery trend follows the Co recovery trend, 
while Cu was negatively affected by tannic acid. Fe recovery 
was limited due to the weak acidic condition of PLS.
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