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The present work focuses on the processing of cathode active material of spent 
lithium ion batteries to improve the recovery of constituent metals using 
reducing agents. Reductants enhance the solubility of metals, which hitherto 
have been solubilised to a lesser extent u sing only acid as leaching agent. 
Thus, we have investigated sulfuric acid leaching in the presence of sodium 
bisulfite comparing its efficiency with hydrogen peroxide. By simple acid 
leaching using 1 M H 2SO4 at 368 Kand 50 g/L pulp density, 93.4% Li, 66.2% 
Co, 96.3% Ni and 50.2% Mn were recovered in 240 min. In the presence of 5% 
H2O2 as a reducing agent at 368 K with 1 M H2SO4 and 50 g/L pulp density, the 
leaching of cobalt (79.2%) and manganese (84.6%) were significantly improved 
in 240 min. With the addition of0 .075 M NaHSO3 as a reducing agent, ~ 96.7% 
Li, 91.6% Co, 96.4% Ni and 87.9% Mn were recovered under similar conditions. 
Sodium bisulfite addition results in better recovery of cobalt and manganese by 
reducing them to their lower oxidation states. The HSC evaluation of thermo­
dynamic feasibility vis-a-vis x-ray diffraction and scanning electron microscopy 
characterization of residues generated by leaching with hydrogen peroxide and 
sodium bisulfite substantiates the governing mechanism. 

INTRODUCTION 

Lithium ion batteries (LIBs) have represented a 
turning point in the field of power sources for a 
variety of applications because of their desirable 
characteristics, 1 such as high specific energy and 
energy density, low self-discharge, long life cycle, 
almost no maintenance, negligible memory effect, 
higher capacity, possibility of miniaturization and 
very thin form factors. LIBs will form an increasing 
proportion of the battery waste stream, as products 
using them reach the end of their practical life.2 

Recycling of these batteries is appropriate in order 
to recover valuable materials as well as for the sake 
of sustainability and safety hazards associated with 
disposal of spent lithium batteries. 

NaHSO3 , biomass) are being used. 11 Hydrogen 
peroxide is generally used as a reductant during 
the leaching. The purpose of adding H 20 2 and other 
reductants during the leachinf➔ is to reduce the Co3

+ 

present in spent LIBs to Co + and Mn4
+ to Mn2

+, 

which are favourably solubilised compared with the 
unreduced moieties. 11

-
13 

Several methods have been proposed to treat 
spent LIBs in order to recover their metal contents. 3 

They include mechanical,4 '
5 thermal ,6-

8 and 
mechano-chemical processing,9 chemical leach­
ing10,11 and bio-leaching. 12 To increase the leaching 
efficiency different types of reductants (H 2O2 , 

(Publi s hed online July 22, 2016 ) 

Considering the scanty resources of metals of 
interest for LIBs in general and environmental 
pollution associated with the disposal of the used 
batteries with the rapid growth of this sector in 
particular, 14

-
17 it has become necessary to extract 

not only the cobalt but also other valuable metals 
such as Li, Ni and Mn while investigating the 
kinetics of leaching. The main crux of this article is 
to depict the non-effectiveness of widespread work 
carried out elsewhere using different lixiviants in 
the leaching of spent LIBs material with H 2O2 as 
reductant, in which high acid concentrations along 
with high reductant concentrations have been used 
for the recovery of lithium and cobalt, 11 while in 
most cases the recovery of other metals of value (Ni 

2613 
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Fig. 1. Dismantling of spent lithium ion laptop batteries (a) spent batteries; (b) battery component; (c) steel foils ; (d) cathode pack; (e) copper foil ; 
(f) cathode powder. 

and Mn) has been ignored. Therefore, this paper 
presents the sulfuric acid leaching process of cath­
ode active material with the objective of comparing 
the two reductants, i.e., NaHSO3 and H2O2 , which 
influence the kinetics of metal dissolution from 
cathode active material. These have been corrobo­
rated through Pourbaix diagrams in both systems 
vis-a-vis HSC evaluation, and by the characteriza­
tion of the cathode material and the respective leach 
residues using x-ray diffraction (XRD) and scanning 
electron microscopy-energy-dispersive spectroscopy 
(SEM-EDS) techniques. 

MATERIALS AND METHODS 

Dismantling Spent Lithium Batteries and 
Separation of Cathode Active Material 

Spent LIBs used in this work were kindly sup­
plied by a local e-waste collection centre. The 
batteries (~ 20 kg) were first discharged before 
dismantling them manually, while removing the 
plastics and steel case mechanically. The anode and 
cathode were uncurled manually, and cathode 
active material in the form of powder was separated 
from the Al foil by heating it at 250-300°C for 
30 min and storing for leaching studies. The particle 
size of the cathode powder was determined by a 
laser particle size analyzer-(Malvern, UK); the 
particle size was found to be < 20 µm and the 
average size 10-12 /LID. The powder sample was 
analyzed for the phase identification by XRD 
(Bruker DB Discover). All the chemicals used were 
analytical grade reagents. Figure 1 demonstrates a 
simplified pre-treatment flowsheet of the disman­
tling process. The outer metallic case is composed of 
aluminium and copper foil which can be directly 
recycled after dismantling. 

Leaching of Cathode Active Material 

All the leaching experiments were performed in a 
sensor-based temperature-controlled three-necked 
round-bottom flask (500 mL) fitted with a reflux 
condenser to avoid loss due to evaporation. To a 
known volume of the diluted sulfuric acid solution 
at a fixed temperature, the desired amount of the 
cathodic active material was charged and the slurry 
was agitated with a magnetic stirrer. The effects of 
varying the concentration of the reducing agent, 
pulp density, time of leaching, and temperature 
during the leaching of the metals was examined. A 
constant stirring speed of 500 rpm was maintained 
during the leaching. The progress of leaching was 
monitored by taking out samples at different time 
intervals and analyzing the metal contents after 
filtration. Upon completion of the leaching experi­
ments, the slurry was filtered and the residue was 
dried overnight at 353 K. 

Based on the analysis of the leach solution, the 
recovery of metals was determined. In a few sets of 
experiments, the mass balance was checked by 
computing the metal contents in the leach liquor 
and the residue. The metal concentrations in the 
leach solutions were determined by using an atomic 
absorption spectrometer (GBC-980™) and induc­
tively coupled plasma o-Rtical emission spectrometry 
(Varian, VISTA-MPXT ) after necessary dilution. 
The thermodynamic feasibility of the process was 
evaluated using HSC 7.1.4 software. The XRD 
phase identification in the dried leach residues 
compared to the untreated sample could be used to 
understand the progress of leaching of the metals. 
The surface morphology of the samples pasted on 
the brass stub after gold-coating and their elemen­
tal composition were determined by SEM attached 
with EDS (FEI-Quanta ™ ). 
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RESULTS AND DISCUSSION 

The chemical composition of the cathode active 
material shows the presence of 35.8% Co along 
with 6.5% Li, 11.6% Mn and 10.6% Ni. Other 
metals such as copper, aluminium and iron are in 
trace amounts. The XRD analysis shows the pres­
ence of LiCoO2, Li2C0Mn3Os and (Lio.s5Nio.05) 
(NiO2) as the major constituents in the material. 
Besides this, lithium-nickel oxide of lower Li-Ni 
contents, (Lio.s9Nio.01 )(NiO2) (JCPDS file: 85-1970) 
and CoF 4 (JCPDS file 35-1314) were also present as 
the minor phases. 11 Figure 2 shows the mulberry 
bunch pattern of LiCoO2 particles present along 
with large numbers of secondary particles rich in 
Ni and Mn. 

Effect of Acid Concentration 

The effect of H28O4 concentration (0.5-3 M) on 
the leaching of Li, Co, Mn and Ni from the cathode 
active material of spent LIBs was measured in the 
absence of reductant at 368 K, 20 g/L pulp density 
and 500 rpm for 4 h. From Fig. 81, it can be seen 
that increasing the sulfuric acid concentration could 
enhance the leaching efficiency of cobalt and man­
ganese. The leaching efficiency of cobalt increased 
from 43.3% to 66.2%, and manganese from 25.4% to 
50.2% with an increase in acid concentration from 
0.5 M to 3M. Recovery of metals such as Li and Ni 
were found to be almost constant in the acid 
concentration range 1-3 M. The addition of sulfuric 
acid facilitated the forward reaction resulting in the 
increase in leaching efficiency, 11 and hence the 
concentration of 1 M was considered optimum for 
H2SO4. 
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Effect of Reductant Concentration on the 
Leaching of Metals 

Reducing agents enhance the solubility of metals 
which hitherto have been solubilised to a lesser 
extent using only acid as leaching agent. 11 Thus, we 
have investigated sulfuric acid leaching in the 
presence of sodium bisulfite comparing its efficiency 
with hydrogen peroxide. In order to examine the 
effect of reductant concentration on the extent of 
metal dissolution, the concentrations of NaHSO3 
and H2O2 were varied in the range 0.25-10% and 
0.5-2.6%, respectively. Other parameters main­
tained during the leaching include: temperature 
368 K, H28O4 concentration 1 M, pulp density 20 g/ 
L and time 240 min. 

The addition of reductant significantly improved 
the leaching efficiency of metals as shown in Fig. 3. 
The NaHSO3 concentration slightly affects the 
lithium and nickel recovery but recovery of cobalt 
and manganese increased from 77.1% to 92.3% and 
85.3% to 88.1 %, respectively, by increasiny the 
NaHSO3 concentration from 0.5% to 1.5%.1 The 
effect of H2O2 amount on the leaching of metals 
with 2 M H28O4 indicates that the leaching effi­
ciency increased from 55.6% to 80.2% for cobalt and 
53.2% to 85.9% for manganese as the H2O2 amount 
increased from 0.25% to 5% (Fig. 3). However, the 
efficiency did not increase significantly when more 
than 5% H2O2 was used. Increases in the recovery of 
cobalt and manganese are attributed to the reduc­
tion of Co3+ to Co2

+ and Mn4+ to Mn2+ states, and 
both these divalent forms dissolved readily in 
H28O4 .

11 The leaching behavior of lithium and 
nickel is almost the same, which may be due to 
the fact that they hardly undergo any reduction 

Mn Co 
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Fig. 2. SEM-EDS of cathode active material from spent LIBs (*Ag coating; Li not detected in EDS). 
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processes unlike cobalt and manganese. Hence, for 
other optimization experiments, the concentration 
of H2O2 is taken as 5% while NaHSO3 is 0.78% 
(0.075 M). 

The leaching characteristics and conditions can 
be predicted by the Eh-pH diagrams. Figures 4 and 
5 depict the stability diagram of an individual metal 
ion in the presence of other constituents at 368 K 
and 50 g/L solids, respectively, for the sodium 
bisulfite and hydrogen peroxide system. The effect 
of a reducing agent on metal recoveries was inves­
tigated by addressing the redox potential (Eh) 
which was determined against a standard calomel 
electrode and computed by FACTSAGE®. In the 
absence of any reducing agent, the Eh of the 
solution could reach > 900 m V over the leaching 
period of 2 h . 1° Figure 4 shows that, by adding 
sodium bisulfite (0.5-1.5%) at 368 K, the redox 
potential of the solution decreased to ~ 400 m V 
throughout the leaching duration. However, on 
addition of about 5% H2O2 at 368 K (Fig. 5), the 
Eh of the solution decreased drastically, reducing to 
580 m V throughout the leaching period. This 
clearly indicates that the concentration of reducing 
agent has a positive effect on metal extraction but 
only to a certain extent; above this range, the 
reaction rate becomes less dependent on the reduc­
tants concentration, and the mass transfer of reduc­
ing agent from solution to particles may no longer 
be the rate controlling mechanism.18 

To elucidate the mechanism of leaching by two 
reductants, a thermodynamic study using the HSC 
Chemistry 7.14 software was carried out, which 
could predict the probability of reactions in the 
system, depending on the conditions, and was used 
to determine the values of standard Gibbs free 
energy change (,!iG0

) , which favored the improved 
dissolution of Li, Co, Mn and Ni in presence of 
NaHSO3 as compared to H2O2. Table S1 shows the 
values of /J.G0 at 300°C for the estimated chemical 
reactions during the leaching with sodium bisulfite 
and hydrogen peroxide. Equations 1-4 describe the 
possible reactions of Li, Co, Mn and Ni in sulfuric 
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Fig. 3. Effect of concentration of H2O2 on leaching of Li , Co, Ni and 
Mn from cathode active material using 1 M H2SO4 , 20 g/L pulp 
density at 368 K in 4 h. 
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acid solution with the presence of sodium bisulfite. 
As seen, the major phases (LiCoO2, Li2CoMn3O8 , 

LiNiO2, CoF 4 ) present in the spent LIBs may form 
water soluble sulfates of Li, Ni and Co during the 
acid baking with relative lower solubility of man­
ganese. However, Eqs. 5-7 refer to the reactions of 
the cathode powder with sulfuric acid solution in 
the presence of hydrogen peroxide. It can be seen 
that hydrogen peroxide in sulfate medium was not 
able to react with CoF 4 at 368 K, lowering the 
overall recovery of Co and also other metals. 

4LiCoO2 + 2N aHSO3 + 5H2SO4 = 4CoSO4 + 2Li2SO4 

+ 6H2O + Na2SO4 !J.G368 =-1025.9kJ (1) 

4Li2C0Mn3Oa + 3NaHSO3 + 3.5H2SO4 

= 4CoSO4 + Li2SO4 + 5H2O + 1.5Na2SO4 (2) 

+ 6LiMn2O4 !J.G368 = - 815 .1 kJ 

4LiNiO2 + 2N aHSO3 + 5H2SO4 = 4NiSO4 + 2Li2SO4 

+ 6H2O + Na2SO4 !J.G368 = - 1149.9kJ (3) 

CoF4 + 4NaHSO3 + 0 2 = CoSO4 + 2Na2SO4 

+ 4HF + SO2 !J.G368 = - 214.8 kJ 

2LiCoO2+ 3H2O2 + 3H2SO4 = 2CoSO4 + Li2SO4 

+ 6H2O + 202 /J.G368 = - 651.2 kJ 

(4) 

(5) 

Li2C0Mn3Os + H2O2 + 3H2SO4 = CoSO4 + Li2SO4 

+ 4H2O + 02 + 2MnO2 + MnSO4 
(6) 

2LiNiO2 + 3H2O2 + 3H2SO4 = 2NiSO4 + Li2SO4 

+ 6H2O + 202 !J.G368 = - 646.1 kJ 

(7) 

It can be clearly seen from Table S1 that the 
higher negative values of free energy change for 
Eqs. 1 and 3 makes the reactions thermodynami­
cally feasible, with the chemical entities being 
potentially leachable in sulfuric acid in the presence 
of sodium bisulfite.11 This can be further in agree­
ment with the recovery in shown Fig. 3. 

Effect of Pulp Density 

The effect of pulp density (5-100 g/L) on the 
leaching of the metals was studied in 1 M H2SO4 at 
368 Kand 240 min, and with different reductants, 
i.e., 5% H2O2 and 0.78% NaHSO3. The results are 
given in Table I and clearly show that the leaching 
efficiency of all the metals decreased as the pulp 
density increased. 

When N aHSO3 is used as the reductant, 11 the 
dissolution of all the metals is nearly constant in the 
pulp density range (5-20 g/L). At 5 g/L pulp density, 
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Fig. 4. Eh- pH diagrams (368 K) for NaHS03 system : (a) Li-S03-S0 4, {b) Co-S03-80 4, (c) Mn-S0 3-S04, (d) Ni-803-S04, in the presence of 
other elements. 

about 96.9% Li, 92.8% Co, 97.2% Ni and 88.9% Mn 
were recovered. With an increase in pulp density to 
50 g/L the recovery of all m etals decreased and 
93 .3% Li, 85 .1% Co, 92.4% Ni and 83.7% Mn were 
recovered. H ence, 20 g/L pulp den sity has been 
taken as the most suitable for further optimization 
experiments using NaHS03.11 

The dissolution of a ll metals is nearly constant 
in the pulp den sity ran ge of 5-50 g/L when H 20 2 
is used as the reductant (Ta ble I). In particular, 
95.8% Li, 80.2% Co, 96.6% Ni and 85.9% Mn 
were recovered at 20 g/L pulp density. Increasing 
the pulp den sity to 50 g/L adversely ~ffected th~ 
m etal dissolution . The leaching efficiency of L1 , 
Co, Ni and Mn was found to be 94.5%, 79.2%, 
96.4% and 84.6% respectively at 50 g/L pulp 
density. H ence, 50 g/L pulp density was consid­
ered for the experiments wh ere H 20 2 is used as 
the reductant. 

Effect of Time 

The effect of time on leaching efficiency of metals 
was examined using 1 M H2S04 at 368 K and 
different reductants (5% H20 2 and 0.78% NaHS03) 
at 20 g/L pulp density. As evident from Table II , the 
increase in leaching time increases the recovery of 
all the metals. When NaHS03 is used as the 
reductant 82.2% Li, 70.5% Co, 81.7% Ni and 
79.2% M~ was recovered in 60 min, 11 while with 
H 20 2 as the reductant, 80.7% Li, ~ 64.3% Co and Ni 
and 57.6% Mn were recovered in Lhe same time. 
Maximum recovery was obtained in 240 min, and 
96.7% Li , 91.6% Co, 96.4% Ni and 87 .9% Mn were 
recover ed when aHS03 was u sed as the r eductant 
and 95.8% Li, 80.2% Co, 96.6% Ni and 85.9% Mn 
was recovered using H20 2 as the r eductant. All 
metals have the same effect irrespective of the 
reductant except that the recovery of cobalt was 
high when NaHS03 was u sed as the reductant. 
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Fig. 5. Eh-pH diagrams (368 K) for the H20 2 system: (a) Li-S04 , (b) Co-S04 , (c) Mn-S04 , (d) Ni-S04 , in the presence of other elements. 

Table I. Effect of pulp density (PD ) on the recovery of constituent metals in the presence of both reductants 
in 1 M H 2 S04 at 368 Kand 240 min 

% Metal recovery with different reductants 

NaHS03 

PD(%) Li Co Ni 

5 96.8 92.7 97.2 
10 96.8 92.6 96.9 
20 96.7 91.6 96.4 
30 94.6 89.3 94.7 
50 93.3 85.1 92.4 
60 90.1 82.3 88.6 
100 89.3 80.5 87.6 

Effect of Temperature 

The effect of leaching temperature was studied in 
the range of 308-368 K for 240 min with 1 M 
H 2SO4, 20 g/L pulp density using NaHSO3 with 
H2O2 as reductant. Table III shows the effect of 

H202 

Mn Li Co Ni Mn 

88.8 96.3 82.3 97.5 87.0 
88.5 95.7 81.6 96.8 86.4 
87.9 95.8 80.2 96.6 85.9 
85.5 94.6 80.1 96.4 85.3 
83.7 94.5 79.2 96.4 84.6 
79.21 88.3 74.2 93.3 81.4 
78.9 86.1 72 91.3 79.2 

temperature on the leaching with 1 M H 28O4 at 
20 g/L pulp density for 240 min with both reduc­
tants. The leaching efficiency of the metals 
increased with the increase in temperature, with 
maximum metal achieved in 368 K for both the 
reductants . When NaHSO3 was used as the 
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Table II. Effect of time on the recovery of constituent metals in the presence of both reductants at 50 g/L 
using 1 M H 2S04 at 368 Kand 240 min 

% Metal recovery with different reductants 

NaHS03 H202 

Time (min) Li Co Ni Mn Li Co Ni Mn 

5 58.21 51.65 65.11 72.12 56.26 31.85 43.54 25.65 
15 66.57 55 .02 69.84 73 63.4 43.6 48.21 34.23 
30 72.87 60.31 72.14 74.31 70.8 54.87 52.33 42.07 
60 81.63 68.87 78.78 74.56 78.43 62.11 62.01 55.64 
120 89.78 80.22 87.21 78.34 89.22 72.01 70.84 76.54 
180 90.26 84.32 90.14 80.21 90.44 75.45 80.32 80.14 
240 93.25 85.11 92.36 83.69 94.5 79.21 96.4 84.62 
300 94.55 85.85 92.66 84.03 94.65 79.55 97.03 85.4 

Table III. Effect of temperature on the recovery of constituent metals in the presence of both reductants 
using 50 g/L cathode active material using 1 M H2S04 in 240 min 

% Metal recovery with different reductants 

NaHS03 

Temperature (K) Li Co Ni 

308 82.35 63.65 80.08 
323 86.24 72.44 85.04 
333 88.32 76.48 88.65 
348 90.27 83.62 90.88 
368 93.25 85.11 92.36 

reductant, < 95% Li, Ni and ~ 90% Co, Mn were 
recovered, while with H 2O2 recovery lowered to 
~ 80% Co and Mn. Increasing temperature may thus 
increase the mass transfer kinetics of the acid and 
reducing agent from solution to the particles. The 
reaction at the surface of the particles is a lso 
enh anced by increasing temperature, thus leading 
to increased metal dissolution and higher extraction 
efficiency. However, the temperature increase does 
not seem to have as great an effect on the extraction 
efficiency of Co and Mn as compared to acid and 
reducing agent concentration. Better performance 
of NaHSO3 than H 2O2 at high temperatures could 
a lso be attributed to th e rapid catalytic decomposi­
tion of H 2O2 by the effect of temperature (particu­
larly at > 40°C). This would presumably lead to 
excessive consumption/requirement of peroxide. In 
view of the priority of higher recovery, the optimum 
temperature was therefore capped at 368 K. 

Kinetics of Leaching 

The rate of a reaction between a solid and a liquid 
such as th e system considered h ere can be expressed 
by heterogeneous models (Eqs. 8, 9). In a heteroge­
neous system, the overall rate expression becomes 

H202 

Mn Li Co 

70.64 70.1 47.21 
72.36 76.3 49.9 
77.57 82 59.6 
80.72 90.2 69.3 
83.69 94.5 79.2 
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Fig . 6. Arrhenius plot for the leaching of Li , Co, Ni and Mn from 
cathode active material of LIBS at 368 K in the presence of H2O2 . 

complicated because of the interaction between 
physical and chemical processes. Therefore, disso­
lution of metals from spent battery material using 
sulfuric acid has been studied with different shrink­
ing core kinetic models. In this model , the solid 



2620 

reactant is considered to be non-porous with a 
spherical shape and is initially surrounded by a 
fluid film through which mass transfer occurs 
between the solid and the bulk of the fluid . 11 As 

F A= LiCoO, D=CoCo!O, (a) 
,I 

5000 
8= Lb~iO!JI E = Li!~iO! 

C = Lio.m.\lnO: F = (Li,.i,~i,.,)(XiO,) 

G G =)lnO, 

4000 F G F G G D 
D DF B r [ G . C er. E D D c 8 A D C rcr r BA I J 3000 \ C B BB D 

0 D B A EAA A 
~ I I C 
:::; 

1000 

0 
10 20 30 40 so 60 70 80 90 

2-Thcta • Sca le 

.. 
i: 
:, 
0 
~ 
C 

::::; 

Meshram , Abhilash, Pandey , Mankhand, and Deveci 

the reaction proceeds, a product layer forms around 
the unreacted core. With the increase of the con­
version, the unreacted core of the particle shrinks 
and the layer of the product thickens. For this 

B A= LiCoO, 0 = CoCoiO, (b) A 
8 = Li?XiOu, E = Li?XiO: 

4000 G C=CoJO, F = XiCo!O, 
r 

C D G =)lnO, 
B C 

• 
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A 
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Fig. 7. XRD analysis of residue after treatment of spent cathode powder by H2O2 in (a) 1 h, (b) 2 h. 
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Fig. 8. SEM- EDS of leach residue with NaHSO3 in (a) 1 h, (b) 2 hat optimized conditions (*Ag coating; Li not detected in EDS). 
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study, three shrinking core models were tested for a 
better understanding of the dissolution of cathode 
active material in H 2SO4 in the presence of 
reductants. 

1 -(1 - x)113 = Kc· t (8) 

1 - (2/ 3)x -(1 - x)213= Kd · t (9) 

where, xis the fraction reacted in time, t (min), Kc is 
the chemical reaction rate constant (min- 1

) and kd 
is the apparent diffusion reaction rate constant 
(min- 1 ) . 

Kinetic data showed a poor fit for both the 
models with low correlation coefficients of these 
models for most metals. Hence, the data on 
kinetics of leaching were plotted to an empirical 
model based on the logarithmic rate law controlled 
by the surface layer diffusion of the lixiviant and 
given by Eq. 10. 

740 

(a) 

592 

444 

KCnl 

296 0 

0 * 148 Co 
Co 

Mn Ni Cu 

(- ln(l - x))2= ke · t 

where ke is the specific rate constant for the empir­
ical model. The plots of - ln(l - x )2 versus t at 
different temperatures showed that the kinetic data 
fitted well to this model which is evident from the 
high values of the correlation coefficients (Table S2). 

The specific rate constant obtained from the 
kinetic data (Table S2) were used for plotting the 
Arrhenius plot and to estimate the activation 
energy values for different metals (Fig. 6). The 
activation energy values (Ea) were calculated from 
the Arrhenius plots and found to be 20.4 kJ/mol, 
26.8 kJ/mol and 21.7 kJ/mol for Li, Co and Ni, 
respectively, when NaHSO3 is used as the reduc­
tant;11 while higher activation energy was obtained 
when H 2O2 is used. The activation energies with the 
use of H 2O2 are calculated to be 30. 7 kJ/mol, 
29.6 kJ/mol, 42.6 kJ/mol and 43.9 kJ/mol, respec-

1 .3 (b) Element Wt% At% 

OK 33.35 63.99 
1.0 AIK 02.54 02.90 

MnK 03.35 01.87 
0 .8 CoK 39.62 20.63 

KCnt NiK 10.01 05.23 
CuK 11.13 05.38 

0 . 5 

0 . 3 

0 
* Ni 

Mn Co Cu 

1 .00 2 .00 3 .00 4 .00 5.00 6.00 7 . 00 8 .00 9.00 1 0 .00 11 .00 1 2. 1 .00 2.00 3 .00 4 .00 5 .00 6 .00 7 .00 8 .00 9 .00 1 0 .00 11 .00 

Energy - keV Energy - koV 

Fig. 9. SEM-EDS of leach residue with H2O2 in (a) 1 h, (b) 2 hat optimized conditions (*Ag coating; Li not detected in EDS). 
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tively, for Li, Co, Ni and Mn, which could be 
attributed to the resistance of the product layer on 
the diffusion of hydrogen peroxide to the reaction 
interface. 19 It is known from the Arrhenius equation 
that an increase in temperature generally enhances 
reaction kinetics using NaHSO3 as compared to 
hydrogen peroxide. 

Mechanism of Metal Dissolution 

XRD (Fig. 7) depicts the characterization of 
residues generated in presence of N aHSO3 and 
H2O2 in 1-2 h . From the phase identification, it is 
clear that the intensity of the major phases is 
reduced progressively in different residues. On acid 
leaching the material in the presence of N aHSO3 in 
1 h, the major phases depicted a low ratio of lithium 
and other metals in the intermediate products, with 
Li2CoMn30 8 (major phase in head) became minor 
phase in 1 h. 11 In 2 h, the lowering of all metal 
contents in non-stoichiometric entities improves the 
overall recovery. In the presence of 5% H 2O2, the 
major phases detected were LiCoO2, and there were 
lower non-stoichiometric entities of Li, Co and Ni in 
1 h and only MnO2 as minor phases (Fig. 7a). 
Progressing to 2 h did not change the major phases 
except that more secondary cobalt oxide phases were 
seen in the minor phases (Fig. 7b), and subsequently 
there was less overall selective dissolution. 

The morphology of the cathode active material 
after leaching was examined by SEM-EDS (Figs. 8 
and 9). With NaHSO3, a decrease in metals covering 
the particle surfaces (Fig. Sa) with high Co reported 
in the EDS data was observed in 1 h . The improve­
ment in the recovery of the metals with time was 
corroborated by the complete exhausting of the 
average content of most metals in 2 h , as depicted in 
the energy dispersive spectra (Fig. Sb). With H2O2 
in 1 h (Fig. 9a), a very minimum degree of corrosion 
of particles in irregular morphologies along with 
large numbers of secondary particles were seen with 
higher metal content. Subsequent leaching in 2 h 
showed a better improvement in the corrosion of the 
particles and relative lower metal content (Fig. 9b). 
The characterization of the residues by XRD phase 
and SEM-EDS studies with time offer substantia­
tion on the mechanism of leaching of constituent 
metals , which proceeds through the surface diffu­
sion of the lixiviant on the reacting particles. 

CONCLUSION 

• The cathode active material of spent LIBs with 
Li, Co, Mn, and Ni, was subjected to sulfuric acid 
leaching using sodium bisulfite and hydrogen 
peroxide as a reducing agent. 

• Using 1 M sulfuric acid without any reducing 
agent at 368 K and 50 g/L pulp density recov­
ered 93.4% Li, 66.2% Co, 96.3% Ni and 50.2% Mn 
in 240 min. 
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• In the presence of 5% H 2O2 at similar conditions, 
recovery of Co and Mn increased from 66.2% to 
79.2% and 50.2% to 84.6% under similar condi­
tions in 240 min . 

• Addition of 0.78% NaHSO3 recovered 96.7% Li, 
91.6% Co, 96.4% Ni and 87.9% Mn under similar 
conditions. Sodium bisulfite addition lead to 
better recovery of cobalt and manganese by 
reducing them to their lower oxidation states. 

• The leaching efficiency of all the metals de­
creased with an increase in pulp density above 
20 g/L in the presence of sodium bisulfite , 
whereas hydrogen peroxide was found suit­
able for higher pulp density (50 g/L). 

• The increase in leaching time increases the recov­
ery of all metals. The leaching efficiency of metals 
increased with an increase in temperature with 
maximum metal recovery achieved in 368 K using 
both the reductants. The concentration of reducing 
agent and increase in temperature had a positive 
effect on metal extraction vis-a-vis the reduction in 
redox potential facilitated by the mass transfer of 
reducing agent from solution to particles, deeming 
it to be the rate controlling mechanism. 

• The higher negative values of free energy change 
(110368 = - 1149.9 kJ) for the reactions of cathode 
active material make it potentially leachable in 
sulfuric acid in the presence of sodium bisulfite 
and thermodynamically feasible. 

• Kinetics of the leaching followed the logarithmic 
rate law where the values of the Arrhenius 
constant was found to be lower in the presence of 
NaHSO3 as compared to H 2O2, which was further 
corroborated with the XRD and SEM-EDS anal­
ysis of residues generated depicting the surface 
diffusion of the lixiviant on the reacting particles. 
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