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A B S T R A C T

The present work focuses on a two-step process for selective dissolution of metals from cathode active
material of spent LIBs. Cathode powder baked at 300 �C using H2SO4 being subjected to first stage
leaching with water extracted 78.6% Li, 80.4% Co in 60 min at 75 �C and 25% pulp density; recovery of Ni
and Mn being low (<15%). In second stage, reductive leaching was performed using an acid mixture
(H2SO4 and HNO3) with glucose solubilizing 67% Ni, 64.8% Mn in 45 min. The overall recovery of the
metals was 93.2% Li, 90.52% Co, 82.8% Ni, 77.7% Mn.
ã 2016 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.
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Introduction

Lithium ion batteries (LIBs) are widely used in portable
electrical and electronic devices such as mobile phones, laptops,
camcorders etc. due to their characteristics of light weight, high
energy density, long storage life and other superior performance as
compared to other batteries. Accordingly, the huge battery
consumption brings in the generation of a large quantity of spent
batteries. The life span of LIBs is 1–3 years [1]. LIBs contain high
amounts of valuable metals which are present in metallic (casing
and electrode foils) as well as in the form of inorganic metallic
compounds (cathode active material, electrolyte). The cathode
active materials in the LIBs are generally of four categories [2]
cobalt type, manganese type, nickel type and ternary-type (Mn–
Ni–Co). Since all such batteries have the specific chemistry which
depends upon the size and type of applications as well as the
manufacturer, hence it is difficult to generalize a common flow
sheet to extract all the metals present in the batteries.

Most of the previous works reported the recovery of major
valuable metals viz., cobalt and lithium from cathode active
material mainly by pyrometallurgical and hydrometallurgical
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processes. These processes often include the steps such as
crushing, physical separation, acid leaching, precipitation or
solvent extraction to recover cobalt and lithium only. The leaching
of cathode active material has been widely investigated using HCl
[3,4], H2SO4 [5,6], HNO3 [7,8] or other organic acids [9,10] as
lixiviants in the presence of H2O2 [11,12], NaHSO3 [13] or other
reducing agents [14,15]. In a few studies, alkaline leaching followed
by acid leaching is also investigated [5,16]. In the absence of such
reducing agents, the recovery of metals in acids was found to be
often low [6]. More than 99% of cobalt and lithium can be recovered
by using more concentrated acid solutions. It is important to
mention that in most acidic leaching, no selectivity of metal
dissolution of the cathode material, particularly that of ternary
type from the spent LIBs could ever be obtained. After the acid
leaching, the recovery processes become more complex because of
the presence of multi-metals like lithium, cobalt and other metal
ions in the solutions. Leaching of all the constituent metals
together in the mixture (especially Co and Mn) poses an issue in
formulating a simple process for their separation by solvent
extraction and precipitation [17]. The constituent metals in the
spent batteries containing Co–Ni–Mn along with Li in the cathode
active powder exist in various associations from which selective
recovery becomes a challenge that can possibly be addressed by
acid baking as the first step followed by leaching.
hed by Elsevier B.V. All rights reserved.
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Sulfation or acid baking results in the transformation of
prominent metals to sulfate form in the presence of sulfuric acid,
thereby breaking the impervious layer, making the material more
active, which, if discharged into water or low concentration of acid
can result in selective leaching of some metals (in transformed
matrix) to the bulk solution phases [18]. Therefore, this work aims
the novelty of sulfuric acid baking and water leaching of the spent
cathode active material with the purpose of operating the same at
comparatively lower temperature than that of the alkali roasting
processes, besides ensuring lower acid consumption compared to
the direct sulfuric acid leaching. Moreover, selective recovery is
another merit of this work which has finally resulted in lesser
metal contamination at each stage and ease in separation.
Accordingly, an innovative two-step process intensification for
complete recovery of all the metals is presented which involves the
sulfuric acid baking to convert major components of spent battery
material to water soluble phases yielding selective recovery of Li
and Co over other metals (Ni and Mn) in water leach stage,
followed by the dissolution of the remaining metals in the
reductive acid leaching stage.

Experimental

Materials

The spent LIBs of the laptops were collected and manually
dismantled after discharge. The plastic cases and outer steel cells
were removed first and then anode and cathode were uncurled.
The cathode active material/powder was separated from alumi-
num foil which was facilitated by heating the latter at 250–300 �C,
and was used in the leaching studies. The particle size of the
cathode powder was determined by a laser particle size analyzer
(Model-Malvern1, UK); the particle size was found to be <20 mm
and the average size being 10–12 mm. The phases present in the
sample was identified by XRD (Model-Bruker1 D8 Discover).
Sulfuric acid used for baking/leaching and all other chemicals were
of analytical grade (Make-MerckTM).

Methods

Baking tests were carried out in a temperature controlled
electrically operated muffle furnace (Model-Naskar and Co.TM,
India). In each experiment, a known weight of cathode active
Table 1
XRD analysis of cathode active material before and after processing.

Sample M

P

Cathode active un-reacted material L

L
(

Baked cathode material (300 �C, H2SO4) L
L
C

Leach-I residue after water
leaching (75 �C, 60 min, 25% PD)

L
L
N
L

2nd stage acid leaching with mixed acid and
glucose (50 �C, 45 min, 10% PD)

Leach-II residue in 60 min M
L

Leach-II residue in 120 min M
material of spent LIBs was thoroughly mixed with a suitable
amount of concentrated sulfuric acid (98%) in a porcelain crucible
(boat type). The crucible was weighed and transferred to the muffle
furnace, which was preheated to the desired temperature. After a
certain time, the crucible was taken out of the furnace, cooled to
room temperature and weighed. The baked material quite friable
was removed from the crucible and ground using a mortar-pestle.
Various baking parameters such as baking temperature and time,
and acid concentration were optimized for maximum solubility of
metal values. All leaching tests were carried out in a temperature
controlled three necked flat bottom borosilicate glass flask (cap.
500 mL) on hotplate cum magnetic stirrer (IKA1) at a fixed shaking
speed (500 rpm) and a reflux condenser to avoid the loss due to
evaporation. At the end of each leaching experiment, the pulp was
filtered. The solid residue was rinsed with deionized water and
dried in an electric oven at 70 �C overnight. The residue was then
weighed and sampled for XRD/SEM analysis. The filtrate was
subjected to pH and E (redox potential) measurements (measured
against SCE). The liquid sample taken from the filtrate was also
analyzed to determine the concentration of metals by atomic
absorption spectrometer (GBC-980TM) and/ICP-OES (VarianTM,
Model: VISTA-MPX) after required dilution. Each solution was
analyzed three times and the average value was taken as the
concentration in subsequent calculations. The leach residues were
characterized for phase identification by XRD (BrukerTM) and
morphology/metal distribution by FEG-SEM/EDS (FEITM). Each
experiment was performed two times, and the average of two
replicates was considered for computing the final metal recovery.

Results & discussion

Characterization of the cathode active material powder

The cathode active material was analyzed for the metals with
composition as: 35.8% Co, 6.5% Li, 11.6% Mn and 10.06% Ni along
with trace amounts of Al, Cu and Fe. The X-ray diffraction analysis
(Table 1) of the material shows the presence of LiCoO2, Li2CoMn3O8

and (Li0.85Ni0.05)(NiO2) as the major constituents [6].

Sulfuric acid baking and water leaching

The cathode active material (powder) was initially leached at
95 �C, 20 g L�1 pulp density and 500 rpm for 240 min yielding 90%
ajor phases Minor phases

hases JCPDS file no. Phases JCPDS file no.

iCoO2 77-1370 (Li0.69Ni0.01)(NiO2) 85-1970
75-0532

i2CoMn3O8 48-0261 CoF4 35-1314
Li0.85Ni0.05)(NiO2) 85-1982

i2Co(SO4)2 48-0868 NiMnO3 12-0269
i2MnO3 84-1634 NiSO3�2H2O 34-0315
o3O4 78-1969

80-1541

i2NiO2.88 75-0634 Li0.115MnO2 82-2168
i2NiO2.91 31-0733 Co3O4 78-1969
iMnO3 12-0269
iNi0.5Mn1.5O4 32-0581

nO2 42-1169 (Li0.19Ni0.01)(NiO2) 85-1975
i0.115MnO2 82-2168
nO2 42-1169 (Li0.19Ni0.01)(NiO2) 85-1975

Li0.115MnO2 82-2168
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Li, 49% Co and Mn and 95% Ni with 1 M H2SO4 [6]. With further
increase in acid concentration (3 M H2SO4), there was only a slight
increase in recovery of Li, Ni and Mn while the recovery of cobalt
increased to 66.2%. It was also observed that 94% Li and 96.3% Ni
were although, solubilized from the cathode material with direct
sulfuric acid leaching. Dissolution of only 66.2% Co and 50.2% Mn
was obtained even with high concentration of acid (3 M), reasons
to which have been accounted for in the work reported elsewhere
[6].

The low temperature (100–300 �C) sulfuric acid baking was
examined in order to assess/improve the selective leaching of some
of the metals over others present in the cathode active material of
the spent batteries. On baking with the sulfuric acid, the phases of
the material were transformed which were identified by XRD
studies as Li2Co(SO4)2, Li2MnO3 and Co3O4 in the major amount.
The major and minor phases of the cathode active material after
baking with the acid at 300 �C are presented in Table 1.

The effects of various baking parameters (amount of sulfuric
acid, and baking temperature and duration) on the dissolution of
Li, Co, Ni and Mn were studied. All the baked samples were
thereafter leached with distilled water under the respective
parametric conditions, unless otherwise stated.

Effect of amount of sulfuric acid
The effect of the amount of sulfuric acid on recovery of metals

was investigated by adding different amount of sulfuric acid (0.5–
3.5 mL) for 5 g of cathodic material keeping other conditions
constant (baking temperature—300 �C, time—30 min). The baked
material was collected and subjected to leaching in water at 95 �C
for 120 min. The results are presented in Fig. 1a in the form of
recovery efficiency of metals vs. added amounts of sulfuric acid.
The results show that 2 mL H2SO4 (0.37 M) is enough to dissolve
about 79.0% Li, 91.1% Co in 120 min during the water leaching while
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Fig. 1. Experimental variations during baking on the recovery of metals during leaching 

baking time.
the dissolution of Ni and Mn is less than 16% under this condition.
The pH of the leaching medium remained unchanged (�3) after
120 min, whereas the redox potential decreased from 521 mV to
490 mV indicating the dissolution of the highly oxidized sulfates
such as that of Li and Co leaving only the relatively lesser oxidized
phases in the leached slurry.

Effect of baking temperature
The effect of baking temperature was studied in the range 200–

400 �C to examine the dissolution of various metals present in the
cathode active material when it was baked for 30 min using 2 mL of
sulfuric acid (per 5 g material). Results show that the recovery of
metals increases initially with an increase in the baking tempera-
ture till 300 �C and after that the leaching efficiency decreases
(Fig.1b). The recovery of metals from the baked material (at 300 �C)
during the water leaching at 95 �C and 25% pulp density in 120 min
was recorded to be 79.0% Li and 91.1% Co along with 16.5% Ni and
13.1% Mn. Increasing the baking temperature increases the weight
to a maximum of �16% at 400 �C; whereas, increasing the baking
temperature from 100 �C to 300 �C, the weight of the baked
material slightly increases by �2%. This could possibly be due to
the increased rate of evaporation of sulfuric acid (boiling point of
H2SO4: 327 �C) exceeding the rate of sulfation of metal oxides
[19,20].

Effect of baking duration
The effect of baking duration on the leaching efficiency of

metals was investigated by baking the 5 g battery material at
300 �C with 2 mL sulfuric acid for different time intervals. The
results shown in Fig. 1c indicate that 30 min baking time is
sufficient to optimally transform the phases of the spent
batteries which can solubilize maximum amount of lithium
(79.0%) and cobalt (91.1%) along with lower recovery other
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metals (16.5% Ni and 13.4% Mn) during the water leaching at
95 �C in 120 min.

During the baking, the formation of certain phases of Li and Co
which can selectively dissolve in water over Mn and Ni, which can
be identified by calculating the standard free energy change (DG�)
for the reactions of cathodic material with the acid. A thermody-
namic study using the HSC Chemistry 7.14 software is presented
which can predict the feasibility of the reactions in the system
depending on the conditions.

Eqs. (1)–(5) describe the most likely reactions of Li, Co, Mn and
Ni with sulfuric acid in the baking process along with the DG� at
573 K. The values of standard Gibbs free energy change (DG�) at
various temperatures (473–673 K) were also determined (Table 2)
for these reactions. As can be seen, the major phases (LiCoO2,
Li2CoMn3O8 and NiO2) present in the spent LIBs may form water
soluble sulfates of lithium and cobalt during the acid baking while
converting nickel and manganese to relatively less soluble or
insoluble nickel hydroxyl sulfate, NiMnO3 and Li2MnO3 phases,
respectively, among others at 573 K (300 �C).

2LiCoO2 þ 3H2SO4 ¼ Li2SO4 þ 2CoSO4 þ 3H2O þ 1
2
O2 DG�

573

¼ �684:8 kJ

ð1Þ

Li2CoMn3O8 þ H2SO4 ¼ CoSO4 þ Li2MnO3 þ 2MnO2 þ H2O DG�
573

¼ �78:4 kJ

ð2Þ

2NiO2 þ MnO2 þ H2SO4 ¼ NiMnO3 þ NiSO4 þ H2O þ O2

DG�
573 ¼ 90:96 kJ ð3Þ

NiO2 þ H2SO4 ¼ NiO � SO2 � 2H2O DG�
573 ¼ �214:8 kJ ð4Þ

CoO þ H2SO4 ¼ CoSO4 þ H2O DG�
573 ¼ �108:2 kJ ð5Þ

Table 2 shows the negative values of standard free energy
change for Eqs. (1),(2), (4), (5) making these reactions thermody-
namically feasible in the acid baking process while forming a few of
the chemical entities that are potentially leachable in water.
Further the most reactions are feasible even at the lower baking
temperature excepting Eq. (1) which is more favorable at the
higher temperature. This can be further concurred with the residue
characterization. However, the positive value of the standard free
energy change for Eq. (3) indicates that this reaction is
thermodynamically unfavorable. Thus the formation of NiMnO3

is less likely as per Eq. (3), but this phase has been identified in the
XRD analysis discussed later, which might have formed by some
other chemical reaction not considered here.
Table 2
DG� for chemical reactions during baking of cathode active material in temperature
range 473–673 K.

T (K) DG� values for the Eqs. (1)–(5) (kJ)

Eq. (1) Eq. (2) Eq. (3) Eq. (4) Eq. (5)

473 �676.7 �81.9 87.6 �231.8 �110.9
523 �680.5 �80.1 88.2 �223.4 �109.6
573 �684.8 �78.4 90.9 �214.8 �108.2
623 �690.1 �76.8 91.1 �206.3 �106.9
673 �696.6 �75.6 91.4 �197.6 �105.8
Effect of optimized baking conditions on the metal recovery (leach-I)

As can be seen in the preceding section, the dissolution of
lithium and cobalt from the acid baked material is selective in the
water leaching (leach-I) while the nickel and manganese dissolu-
tion is much lower. Keeping the optimized conditions of baking
and using 2 mL H2SO4 (per 5 g cathodic material-sample) at 300 �C
for 30 min, leaching parameters like type of lixiviants, time,
temperature and pulp density were optimized and results are
discussed below.

Effect of lixiviant type
In order to examine the dissolution behavior of metals from the

baked material, different types of lixiviants were used in the
presence and absence of a reductant. The result of metal recovery
(%) using different lixiviants is shown in Table 3. As can be seen, the
water leaching results in a better selectivity for Li and Co as against
the acid or acid–reductant mixture; this ensured neither any
further consumption of a reducing agent nor the acid. The leaching
of cobalt can, however, be increased (>90%) when the baked
material is leached in sulfuric acid in the presence of a reductant
(H2O2 or NaHSO3), but this entails further consumption of the acid
along with slightly higher leaching of manganese as well.

Effect of leaching temperature
The leaching temperature might play a significant role in metals

extraction from the baked material. Fig. 2a shows the effect of
leaching temperature on the metals extraction with distilled water
for 60 min at 25% of PD. It can be seen that the extraction of all the
metals increases steadily with the increase in temperature till 75 �C;
the leaching efficiency being 78.6% Li, 80.4% Co, 15.8% Ni and 12.9%
Mn. Further increasing the temperature to 95 �C has appreciable
influence only on the recovery of Co which rose to 91% from that
about80% recordedat 75 �C.However, witha cumulative steadystate
achieved for other metals, the optimum leaching temperature for
further experiments is considered to be 75 �C.

Effect of pulp density
The effect of pulp density on metal dissolution of the baked

cathode active material is shown in Fig. 2b. As is apparent, the
leaching efficiency of Li, Co, Ni and Mn decreased slightly with the
rise in pulp density; the dissolution of manganese is much less
affected compared to other metals. At the pulp density of 25%,
about 78.6% Li, 80.4% Co, 15.8% Ni and 12.9% Mn are recovered in
60 min at 75 �C, whereas at the higher pulp density of 50%, the
recovery of metals being 63.7% Li, 70.7% Co, 4.9% Ni and 9.6% Mn.
The higher recovery of Li and Co at 25% (w/v) pulp density can be
termed as the optimum value of pulp ratio for further experiments.

Effect of leaching time
The baked cathode material is leached with distilled water at

75 �C and 25% (w/v) PD for different time periods (5–120 min), and
results are shown in Fig. 2c. It is observed that the extraction of Li and
Co increases apparently by leaching time up to 60 min. Further
increasing the duration of leaching has a marginal effect on the
Table 3
Effect of various lixiviants on the leaching of metals from the baked cathode active
powder in leach-I at 95 �C for 120 min (Standard deviation: �2% max).

Lixiviants used % Metal recovery

Li Co Ni Mn

Water 79.02 91.09 16.52 13.14
1 M H2SO4 78.63 83.61 16.8 13.4
1 M H2SO4 + 5% H2O2 78.6 90.2 17.03 14.95
1 M H2SO4 + 0.075 M NaHSO3 80.3 91.3 14.6 16.2
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dissolution of lithium and cobalt. It is also observed that with the
increase in leaching time, dissolution of all the metals increased.
More than 50% of cobalt and lithiumwas dissolved in 5 min while the
dissolution of Ni and Mn was very low (<5%) under this condition.
The selective dissolution of Li (78.6%) and Co (80.4%) over Ni (15.8%)
and Mn (12.9%) is clearly noticed in 60 min of leaching.

Optimum conditions and residue characterization
Based on the optimized conditions for the water leaching of

baked cathodic powder performed at 75 �C temperature, 60 min
time and 25% (w/v) PD, the leaching efficiencies of lithium and
cobalt were found to be 78.6 and 80.4%, respectively, besides the
low dissolution of nickel (15.8%) and manganese (12.9%). The
composition of the residue obtained from the leach-I under the
above conditions was analyzed to be: 1.4% Li, 7% Co, 8.4% Ni and
9.7% Mn. In order to prevent the loss of residual metals—Li and Co
in the leach-I residue while achieving the maximum recovery of
major unleached components viz., Ni and Mn, a second stage
leaching can be adopted. In leach-II, recovery of nickel and
manganese present mainly as lithium nickelate and lithium
manganese oxide, respectively (Table 1), besides a few other
phases, are particularly stressed upon.

It was necessary to understand the thermodynamics of reaction
during the leaching of the acid baked phases in water. Formation of
Li2SO4 or CoSO4 in water has very little consequence as such a salt
dissolves in water as the aquo-complex. However, if we consider
Li2Co(SO4)2, then the products formed would be aquo-complexes
like, Li2(H2O)x�SO4 and [Co(H2O)4] [SO4] with free energy value of
�124.8 kJ favoring the dissolution of Li and Co (Eq. (6)). These
potentially leachable entities of metals such as Li and Co formed in
the acid baking step can give rise to their selective dissolution in
the first stage (water leach), making the water leached residue rich
in Ni and Mn. The thermodynamically less favourable dissolution
of entities (Eqs. (7)–(9)) like, NiSO3�2H2O, NiMnO3 and Li2MnO3
with standard free energy change of �37.3 kJ, �87.6 kJ and
�144.6 kJ respectively adds on to lesser dissolution of Ni and
Mn in leach-I. Minor solubility of Ni and Mn may be attributed to
the small amount of their sulfates formed during the baking. The
recovery of cobalt is only due to CoSO4 (and not Co3O4), which is
still the major phase after baking. Since cobalt is present in high
concentration (35.8%) in the head sample, the reactant is the CoSO4

phase present as double salt- Li2Co(SO4)2. The reaction of Co3O4

with water is highly thermodynamically unfavourable with DG�
348

of 762.9 kJ as in Eq. (10).

Li2CoðSO4Þ2 þ 2Hþ ¼ 2Liþ þ Co2þ þ 2HSO4
� DG�

348 ¼ �124:8 kJ

ð6Þ

NiSO3 � 2H2O
þ Hþ ¼ Ni2þ þ SO3

2� þ 2H2O DG�
348 ¼ �37:3 kJ ð7Þ

NiMnO3 þ 2Hþ ¼ Ni2þ þ MnO2 þ 2OH� DG�
348 ¼ �87:6 kJ ð8Þ

Li2MnO3 þ 2Hþ ¼ 2Liþ þ MnO2 þ H2O DG�
348 ¼ �144:6 kJ ð9Þ

Co3O4 þ 4H2O ¼ Co2þ þ 2Co3þ þ 8OH� DG�
348 ¼ 762:9 kJ ð10Þ

Second stage leaching (leach-II)

The results of the treatment of water leach residue (rich in
nickel and manganese) obtained above with different lixiviants are
presented and discussed.
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Effect of concentration of lixiviants (acid/mixtures)
The effect of various lixiviants on the leaching of metals from

the leach-I residue generated at 75 �C, 25% PD and 60 min, was
tested. Initial experiments (leach-II) were carried out using the
H2SO4 in the concentration range 0.25–3 M at 10% PD and 50 �C.
With 1 M H2SO4 only the trace amounts (<2–3%) of Ni and Mn were
leached in the solution (Table 4), although the solubilization of Li
and Co was a little higher (5.5–7.8%). On adding a reducing agent
viz., 5% H2O2 or 0.075 M NaHSO3 in 1 M H2SO4, leaching of cobalt
improved to �15% because of better solubility of Co(II) sulfate [13]
along with dissolution of 10–12% Li, but recovery of Ni and Mn
remained still poor (4–8%). In place of H2SO4, different concentra-
tion (0.25–3 M) of HNO3 however, improved the metal recovery
only slightly, but still the higher leaching efficiency targeted for Ni
and Mn could not be achieved. The effect of the addition of the
reductant (NaHSO3, H2O2) to the lixiviant containing HNO3

solution for the recovery of metals was not very significant and
hence not included here.

A mixture of both acids was then tested for the recovery of all
the metals of leach-I residue obtained from the water leaching. At a
fixed concentration of H2SO4 (1 M), the relative concentration of
HNO3 was varied from 0.25 M to 2 M. It is observed that a mixture
of 1 M H2SO4 and 0.5 M HNO3was sufficient of dissolving 11.04% Ni
and 9.68% Mn, besides the leaching of Li (4.3%) and Co (2.3%) values
in the solution.

Effect of addition of reducing agent
Reducing sugar (e.g., glucose) facilitates metal dissolution in an

acid environment, thereby improving the conversion of the
respective metals to their soluble forms [15,21]. In order to
examine the effect of glucose (HiMediaTM) concentration to the
extent of metal dissolution, its concentration was varied in the
range 0–5%. Other parameters maintained during the leach-II
included 1 M H2SO4+ 0.5 M HNO3, 50 �C and 10% (w/v) pulp
density. The addition of glucose has significantly improved the
dissolution of Ni and Mn as shown in Fig. 3. Nearly 14.6% Li, 10.12%
Co, 67% Ni and 64.8% Mn were recovered using 2% glucose under
the above conditions, which was accompanied by the decrease in
redox potential from 782 mV to 585 mV and increase in pH from
0.16 to 0.67. However, when 1 M H2SO4 and 0.5 M HNO3 were used
separately with glucose (2 g) as the reductant for 10 g of leach-I
residue at 50 �C for 45 min, the recoveries of Ni and Mn fell down
drastically. Respective leaching of Ni and Mn was recorded to be
4.47% and 2.38% with nitric acid, whereas it was almost negligible
(�1% Ni and 1.2% Mn) with sulfuric acid. The redox potential
decreased from 906 mV to 692 mV with nitric acid in the presence
of glucose as the generated NO alone could not convert lithium
nickelate to a soluble phase (nickel sulfate). Similarly with a
decrease in redox potential from 810 mV to 640 mV during
reductive sulfuric acid leaching could neither favor the dissolution
of nickel.

Increased recovery of Ni is attributed to the formation of NO by
the reaction of HNO3with glucose [22,23] as shown in Eq. (11). The
resulting NO species in Eq. (11) helped in the dissolution of lithium
nickelate as per Reaction (12) in the presence of H2SO4. The overall
Table 4
Effect of various lixiviants on leaching of residue from leach-I stage at 10% PD, 50 �C,
45 min (Standard deviation: �2% max).

Lixiviants used Metal recovery (%)

Li Co Ni Mn

1 M H2SO4 5.53 7.79 <3 <2
1 M H2SO4 + 5% H2O2 10 14.6 4.2 3.2
1 M H2SO4 + 0.075 M NaHSO3 11.8 16.32 8.32 6.44
1 M HNO3 8.62 9.52 7.22 5.64
reaction of lithium nickelate in the presence of glucose and acid
mixture can be represented in Eq. (13) at 50 �C. The un-reacted
NiMnO3 in leach-I residue can also react with glucose and acid
mixture as shown in Eq. (14).

C6H12O6 þ 8HNO3 ! 8NO þ 6CO2 þ 10H2O DG�
323 ¼ �2536:2 kJ

ð11Þ

6LiNiO2 þ 9H2SO4 þ 2NO ! 6NiSO4 þ 3Li2SO4 þ 2HNO3 þ 8H2O

DG�
323 ¼ �538:2 kJ ð12Þ

24LiNiO2 þ C6H12O6 þ 36H2SO4 ¼ 24NiSO4 þ 12Li2SO4

þ6CO2 þ 42H2O DG�
323 ¼ �6841:9 kJ ð13Þ

12NiMnO3 þ C6H12O6 þ 24H2SO4 ¼ 12NiSO4 þ 12MnSO4 þ 6CO2

þ30H2O DG�
323 ¼ �4765:9 kJ ð14Þ

In order to assess the thermodynamic feasibility of Eqs. (11)–
(14) (Table 5), the values of Gibbs free energy change for these
reactions were also calculated using HSC Chemistry 7.14 software.
As can be seen the DG� values are highly negative at all
temperatures considered (303–348 K), reflecting the thermody-
namic feasibility of the leaching of lithium nickelate and NiMnO3

by acid mixture with glucose. In particular at the intermediate
temperature of 323 K (50 �C), most reactions are thermodynami-
cally favorable, which explains for the high recovery of nickel and
manganese from water leached residue in the next stage
(acid leach).
Table 5
DG� for chemical equations in the temperature range 303–348 K.

T (K) DG� values for the Eqs. (11)–(14) (kJ)

Eq. (11) Eq. (12) Eq. (13) Eq. (14)

303 �2493.2 �543.5 �6841.4 �4757.3
308 �2503.9 �542.2 �6841.5 �4759.5
313 �2514.7 �540.9 �6841.7 �4761.7
323 �2536.2 �538.2 �6841.9 �4765.9
333 �2557.7 �535.6 �6842.1 �4770.2
348 �2589.8 �531.6 �6842.3 �4776.5
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Fig. 4. Effect of parameters on 2nd stage leaching of leach-I residue using 1 M H2SO4 + 0.5 M HNO3 and 2% glucose (a) temperature, (b) time, (c) pulp density.

Fig. 5. XRD phase analysis of (a) baked cathode material; (b) 1st stage water leached
residue; (c) 2nd stage acid leached residue in 60 min at 50 �C; (d) 2nd stage acid
leached residue in 120 min at 50 �C.
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Effect of temperature
Effect of temperature on the leaching efficiency of the metals

was studied using an acid mixture (1 M H2SO4 and 0.5 M HNO3) at
10% PD for 120 min. The results given in Fig. 4a show that
dissolution of Ni and Mn increased drastically with temperature. At
50 �C, the recovery of Ni and Mn was recorded to be 67% and 64.8%,
respectively, along with leaching of 14.6% Li and 10.12% Co.

Effect of leaching time
Leach recovery of metals with time in the optimized acid

mixture (1 M H2SO4 and 0.5 M HNO3) at 50 �C and 10% PD is
presented in Fig. 4b. The increase in leaching time improved the
dissolution of all metals. With the increase in duration of leaching
from 15 to 45 min, the recovery of metal increased from 8.5% to
14.6% for Li, 6.6 to 10.1% for Co, 60 to 67% for Ni and 30 to 64.8% for
Mn. With no increase in the metal recovery beyond 45 min of
leaching, the optimum duration of 45 min was used in further
experiments.

Effect of pulp density
In order to examine the effect of pulp density variation in the

range 2–25%, leach residue obtained after water leaching (leach-I)
was subjected to further leaching (leach-II) with an acid mixture
(1 M H2SO4, 0.5 M HNO3) for 45 min. The results given in Fig. 4c
shows the solubilization of 69.7% Ni and 66.7% men along with
14.2% Li and 11.2% Co at a pulp density of 2%. Increase in pulp
density beyond 10% adversely affected the recovery of the metals;
the maximum leaching was found to be 67% Ni and 64.8% Mn along
with 14.6% Li and 10.12% Co in 45 min at 10% PD.

The two-stage leaching process, thus represents the leaching of
the baked cathode active material by water in leach-I at 75 �C and
25% PD for 60 min, followed by leaching with the acid mixture
(H2SO4 + HNO3) in leach-II at 50 �C and 10% PD for 45 min. The
baking-leaching process seems advantageous because of the
selective dissolution of Co and Li over other metals (Ni and Mn)
and the lower acid consumption compared to the direct sulfuric
acid leaching. The overall recovery in the two-stage leaching of the



Fig. 6. SEM-EDAX analysis of untreated cathode active material.
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baked cathode powder could be worked out as: 93.2% Li, 90.5% Co,
82.8% Ni and 77.7% Mn.

Material characterization
The leach residues obtained from the treatment of the cathode

material were characterized using XRD phase analysis (Fig. 5). In
untreated sample, the major phases identified were found to be
LiCoO2, Li2CoMn3O8, (Li0.85Ni0.05)(NiO2) and minor phases being
(Li0.69Ni0.01)(NiO2) and CoF4 (Table 1). Baking of cathode active
material in 30 min produced relatively friable and fluffy materials,
wherein the reaction with sulfuric acid led to the conversion of
metals to respective sulfates-Li2Co(SO4)2 along with Li2MnO3 and
Co3O4 as the major phases while NiMnO3 and NiSO3�2H2O being
the minor phases (Fig. 5a). The phase transformation during the
acid baking can be established by XRD analysis, which would
account for the selective leaching of Li and Co over Ni and Mn in
water (leach-I). As can be seen from the XRD patterns (Fig. 5) and
the phases identified mentioned above (Table 1), the intensities of
the major peaks decreased progressively in different residues. The
leach-I residue after water leaching at 75 �C for 60 min, show the
presence of lithium nickelate (Li2NiO2.88, Li2NiO2.91) and Ni–Mn
rich phases-NiMnO3 and LiNi0.5Mn1.5O4 in the major amounts. This
illustrates the presence of un-dissolved Ni and Mn after selective
Fig. 7. SEM-EDAX analysis of baked cathode active material (baking te
dissolution of Li and Co with their decreased ratio in the lower
stoichiometric intermediate phases like Li0.115MnO2 and Co3O4 as
minor phases (Fig. 5b).

On further leaching (leach-II), the Li–Co depleted residue of
stage-I with acid mixture and a reductant at 50 �C, the maximum
dissolution of Ni and Mn in 60 min can be accounted for the
presence of MnO2 and Li0.115MnO2 as the major phases. Lowering of
Li and Co contents in the leach-II residue is further demonstrated
by the presence of minor amounts of [(Li0.19Ni0.01)(NiO2)] phase.
Increased recovery of metals with time is also evident from the
XRD analysis of the residues (Fig. 5c). In leach-II residue obtained
in 120 min, the Li and Ni contents dropped in the non-
stoichiometric entities viz., (Li0.19Ni0.01)(NiO2) and Li0.115MnO2

identified as the minor phases, indicating the dissolution of lithium
nickelate (Fig. 5d). However, relatively lower recovery of Mn
compared to Ni is reflected by the presence of MnO2 as the major
phase in the residue.

The leaching of metals with time was further examined by
comparing the morphological changes through the SEM studies
and also the elemental distribution in the leach residues with that
of the cathodic sample (Figs. 6–9). EDAX data clearly show a
progressive decrease in the average content of most metals (Li, Co,
Ni, Mn) in the residues as the leaching progressed in 2-stages. Fig. 6
mperature: 300 �C, time: 30 min, acid: 2 mL H2SO4/5 g material).



Fig. 9. SEM-EDAX analysis of residue obtained after leach-II (2nd stage leaching) in 60 min (1 M H2SO4 + 0.5 M HNO3 and glucose, 50 �C, 10% PD, 45 min).

Fig. 8. SEM-EDAX analysis of leach-I residue after water leaching of baked material (at 75 �C and 25% PD for 60 min).
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reflects the SEM image of the untreated sample showing larger
particles present in irregular morphologies. The cathode active
material for baking at the 300 �C depicts a porous structure with
the formation of new phases as thick segregated needles. Fig. 7
depicts the particles reacted to a certain extent, although the
fraction reacted is probably lower for the larger secondary
particles. The leach-I residue after water leaching performed at
75 �C for 120 min depicts low concentrations of Co in the elemental
distribution (Li not detected in EDAX), which clearly indicates the
selective dissolution of Li and Co in the porous residue with
corroded surface leaving Ni and Mn (Fig. 8). Subjecting the leach-I
residue to leach-II stage (acid mixture in the presence of glucose), a
very high recovery of Ni and Mn besides the remaining Li and Co is
corroborated by a decrease in particle size (SEM image, Fig. 9), and
low elemental distribution (in the EDS). The characterization of the
cathode material and the residues by SEM-EDS studies and XRD
phase analysis thus providing evidence for the selective leaching of
the metals in a two-step process.

Conclusions

� A two-step process for the treatment of cathode active material
of spent LIBs by a low temperature sulfuric acid baking and
water/acid leaching provides a scope of selective dissolution of Li
and Co vis-à-vis other metals.

� Baking of cathode active powder (5 g) at a low temperature
(300 �C) with 2 mL sulfuric acid for 30 min transformed the
major phases, particularly to Li2Co (SO4)2, Li2MnO3 and Co3O4 as
identified by the XRD analysis, which yields the highest leaching
efficiencies with selectivity for Li and Co. The thermodynamic
studies also revealed free energy change value aligned to the
selective leaching mechanism.

� Post baking, a two-stage leaching was optimized for leaching
dissolution of different metals present in cathode active materials.
First stage leaching of the baked powder at 25% PD and 75 �C
temperaturewith water(leach-I) selectively dissolved78.6% Liand
80.4% Co with only low dissolution (<15%) of Ni and Mn in 60 min.

� Nickel and manganese mostly present in the leach-I residue is
recovered to a level of 67% and 64.8%, respectively in a reductive
leaching (leach-II) using an acid mixture containing 1 M H2SO4

and 0.5 M HNO3 plus glucose (2% w/v) at 50 �C in 45 min.
� The two-stage leaching process, thus represents the leaching of
acid baked material by water in leach-I (75 �C, 25% PD, 60 min),
and then with an acid mixture (H2SO4:HNO3) plus a reductant
(glucose) in leach-II (50 �C, 10% PD, 45 min), making it advanta-
geous due to lower acid consumption and selective dissolution of
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metals (Co and Li). The overall leaching efficiency was found to
be 93.2% Li, 90.52% Co, 82.8% Ni and 77.7% Mn.

� The corrosion of secondary particles present in untreated
material is corroborated with the phase transformation by
XRD analysis and with a decrease in particle size and elemental
distribution in residues at various stages as reflected by SEM-EDS
studies.
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