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ABSTRACT: Li ion batteries (LIBs) are widely used as energy storage for electronic devices
and electric vehicles. Due to its limited lifetime, its disposal can cause a serious environmental
problem. Heavy metals are highly toxic and require serious handling. Moreover, the some of
the heave metals are considered valuable to be directly discarded. In this review, LIBs waste
processing techniques were discussed. The cathode material which contain high amount of
heavy metals can be processed using metallurgical approach, such as: pyro-metallurgy, hydro-
metallurgy and bio-metallurgy which have their own advances and disadvantages. The
recovery of heavy metals can be performed by bottom-up process such as chemical
precipitation, hydrothermal, and sol-gel process. In the end, the recovered valuable metals
can be used as precursor to Li-ion batteries materials, thus reducing the exploitation of metals
through mining process and reducing hazardous waste.
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1. Introduction hydride (NiMH) batteries, and lithium-ion
A battery is electrochemical cells that  batteries (LIBs) are examples of
consist of an anode, a cathode, current rechargeable battery. However, some

collectors, a separator, liquid electrolyte,
container and sealing parts. Due to can
convert chemical energy into electrical
energy, batteries have employed a common
power source for many applications in
household and industrial. The battery is
classified into two types. There are primary
battery and secondary battery
(rechargeable). Lead-acid batteries, nickel-
cadmium (Ni-Cd) batteries, nickel-metal
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lithium batteries have a higher energy
density, higher cell voltage, less memory
effect, low self-discharge, and very good
cycle life than others [1].

Nowadays, many portable electronics
Lithium (LIBs)
electrochemical power sources for example
mobile telephones, personal computers,
video-cameras

use ion Dbatteries as

and other modern-life
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appliances. Hence, the demand of LIBs has
increased [2][3]. The usage of LIBs is not
only for gadgets, but also in the next
generation it will be chosen as the first
category of dynamic batteries to supply
power for electronic automobile [4] due to
their great characteristics of light weight,
high density great
performance[2][3].

energy and

The increasing of consumption LIBs
can conduce a large quantity of spent LIBs
because LIBs only have limited life span (1-
3 years) [5]. In 2000, LIBs’s fabrications
reached about 500 cells.
Consequently, the this
consumption can be estimated at 200-500
MT [6].

million
waste of

In terms of environmental and health,
significant hazard can be generated by spent
lithium  batteries because they contain
reactive materials, organic and inorganic
compounds that can burst up at high
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environment [7]. Therefore, researchers
develop many recycling methods of the
components of spent cells to be a favorable
way to prevent environmental pollution and
raw material consumption. The aim of this
paper is to review how to recycle and repair
the spent LIBs. LIBs contain heavy metals,
organic chemicals and plastics in the
proportion of 5-20% cobalt, 5-10% nickel,
5-7% lithium, 15% organic chemicals and
7% plastics, the composition varying slightly
with different manufacturers [8]. Hazards
and pollution in spent LIBs can be caused by
the side reactions explained below : [9]

(a) Lithium has a low melting point (180°C),
if the metal lithium cells overcharge,
molten lithium can be formed. However,
this tends to occur in lithium-ion when
metal lithium substituted by lithiated
carbon materials.

(b) If the temperature of the cell increases,
there will be reactions among the

temperature or can  pollute the organic solutions and the electrode
Table 1. Potential Risk of Spent LiBs [10]
Components Material Potential Risk
Cathode LiCoO2 An acute reaction can occur when LiCoO2 meets H20, acid or
Material oxidant, and this can degrade into toxic cobalt or lithium-
containing oxides
LiMn204 Toxic gas can be released when this materials meets organic
solvents or reductant, and oxygen can be also generated when the
material is heated
LiNiO2 Li20, NiO, and Oz can be generated when the material is heated
Anode Carbon A mixture of carbon dust and air can explode or burn, generating
Material COz or CO. A strong alkali solution can also be generated, or
spontaneous combustion can occur, when inlaid lithium meets H20.
Electrolyte LiPFe This is a strong corrosive, and can degrade into PF5 when heated,
generating HF in the presence of H:0, and combusting in the
presence of P20s
LiBF4 This is a strong corrosive, and can release HF in the presence of H20
or acid, or generate Li20 and B202 in the presence of combustion
or heat.
LiClO4 This is a strong oxidant, and can combust in the presence of LiCl,
02, and Cl2
LiAsFe This can dissolve in H20, and can release HF in the presence of acid.
LiCF3S03 This can combust in the presence of CO, C02,S02, and HF, and
generate HF in the presence of oxidants or acids.
Electrolyte PC, EC, DMC, DME, This can combust in the presence of CO2 or CO, and can release
Solution and EMC aldehyde or alkone when heated.
Separator PP and PE This can combust in the presence of CO, aldehyde, and organic acid.
Binder PVDF This can generate HF when heated.
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surface, especially when the solid-
electrolyte interface is interrupted. The
rising of the cell temperature above 70-
100°C will make the interface unstable

and decomposes exothermically.

(c) Heat
management are the key for secure
operation of lithium-ion cells. Table 1
show the potential risks for various

generation and thermal

component in spent LiBs. Because spent
LiBs’s retain some of their electrical
power, hazards like explosions can occur
when their disposal is improper.

Beside the hazards of  material
contained in spent LiBs, major components
of spent cell like copper, cobalt, lithium also
include as valuable metals [11]. Table 2 give
informations of the metal compositions for a
cylindrical lithium cell and for a button

lithium cell [12].

Table 2. Quantitative Analysis of
Metallic Part of Lithium Cells

Elements Composition of Composition of
cylindrical cells  coin cells of LIBs
of commercial (wt.% = 0.2)
LIBs
(wt.% * 0.2)

Li 1.5 1.8

Mn 9.6 16.4

Co 0.1 0.1

Fe 34 41.3

Ni 5.4 3.0

Cr 9.6 9.6

Mo 0.8 0.1

The most part of the batteries is the
metallic part since the steel casing that
almost represents 50% of the cell mass; the
plastic part (external cover, joints, etc.) is
evaluated in the range of: 27-40% of the
mass [12].

Nowadays, the using of LiCoO; in LIBs
is still if the cathode
materials are quickly emerging [1]. The

dominant even

production of LiBs grow rapidly because of
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the high of LiBs [13].
Consequently, the increasing of LiBs’s
demand will be effect to the increasing
mining of natural ores [14], and it leads to
resource depletion [15]. Actually, there is
still some power in the spent LIBs when the
LIBs are disposed and the remaining power
is still resources [1].
Therefore, effective recycling of major
components in spent LiBs is required as the
right solution to prevent environmental
pollution and reduce the use of natural ores
[16][17]. This approach will be thoroughly
discussed in this review.

consumptions

considerable as

2. Recycle’s Method
2.1. Pretreatment Processes
During the recycling process, LIBs often
burst out because of the radical oxidation
that is led by the mechanical shock of
lithium metal generated from battery
overcharge from exposure to the air [5].
Hence, it is important to implement a
premilinary treatment such as physical
process of spent LIBs before recycling.
Meanwhile, this process can also diminish
scrap volume, separate battery components
and enrich valuable metals [18].

2.1.1. Mechanical Separation
Process
2.1.1.1. Discharging & Dismantling

As same as other electronic waste,
mechanical operation like dismantling and
separating of spent LIBs will required for
further treatment. It is because the metals
in LIBs are covered with or encapsulated by
plastic or iron shell [1].

There is a discharging pretreatment
step to prevent short-circuiting and self-
ignition before dismantling the cells [19].
Then, the cell were dismantled using
manual procedure to detach their plastic
and steel cases. First, the plastic case of
spent LIBs were detached using a small
knife and a screwdriver. Second, the battery
was immersed into liquid nitrogen for 4 min
and fixed in a lathe in order to detach the
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metallic shell that covers it. Such a
cryogenic method was employed for safety
precautions. Third, the metallic shell was
then cut using a saw; the ends of the metallic
shell detached firstly and a
longitudinal cut was done in order to access
the internal material of the battery which
was detached using pliers. Fourth, anode
and cathode that uncurled manually were
separated and dried for 24 h at 60°C All
steps in the experimental procedure were
carried out using glasses, gloves and gas
masks for safe operation [20].
2.1.2. Crushing & screening

Mechanical treatment like crushing and
screening was
efficiency. When the spent LIBs from Laptop
employed crushing and screening, the 12
mm aperture screen was excellent to
guarantee that LiCoO; is served in the larger
products in minimal amounts, to gain 28%
Co and 2% impurities in the recovered
electrodes[21].

There was

were

used to enlarge the

mechanical separation
process consisting of a two-step crushing
studied by Shin et all. Step one is primary
crushing with a sieve of 20 mm size and step
two is fine crushing with a sieve of 10 mm
size, then both of that step were followed by
a hydrometallurgical procedure for lithium
and cobalt recovery. Fine crushing is
employed to reach a complete elimination
of aluminum foil from the lithium cobalt
oxide particles although it is not required
for the leaching process with a high
concentration leaching agent. In order to
separate aluminum and copper electrodes,
steel casing and plastic packaging, Vibration
sieving and magnetic separation were
followed. A magnetic separator detached
pieces of steel casing after large pieces of
the materials were separated. The active
material of the cathode which contained in
the bulk of non-magnetic particles is
generated from the magnetic separator.
Fine crushing is used to remove small pieces
of aluminum foil attaching to the particles of
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lithium cobalt oxide. The second vibration
sieving separates the pieces of aluminum
foil completely [8].
2.1.3. Thermal Treatment

Thermal
purposes depending on temperature. The
binder material PVDF will decomposed at
(<380°0 [22] and
oxidation of carbon can be achieved.

treatment has several

low temperature

Decomposition of hazardous solvents could
also be the target for temperatures lower
than 350°C. The incineration of plastics
and solvents or pyrolysis is allowed at
higher temperatures if the atmosphere is
controlled [23][24][25].

The treatment is employed for safety
reasons since the electrolyte is extracted
and maybe existing metallic lithium is
turned to more stable and safer compounds.
Moreover the treatment sustain a great
separability of the active materials from the
electrode foils by the decomposition of the
binder [26].

Thermal treatment such as incinerating
and pyrolysis can be used to eliminate the
undesired materials. Fouad et al. [27]
presented that in order to burn binder and
organic additives, the cathode part
separated by shredding could be heated at
150-500°C for 1 hr. Then, the unclean
cathode material could be incinerated at
700-900°Cfor 1 hr to eliminate carbon and
residual unburned organics if present.
LiCoO; was separated to be recycled during
the process.

Sun and Qiu [28] developed a novel
process involving vacuum pyrolysis and
hydrometallurgical technique for the
combined recovery of cobalt and lithium
from spent LIBs. Pyrolysis process would
make the organic materials (including
electrolyte and binder) were evaporated or
decomposed to low molecular weight
products. Hence, most of the cathodic active
materials could not bind aluminium foil
heavily and could be separated easily. The
results of the research using vacuum
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pyrolysis technique presented that the
cathode powder composing of LiCoO; and
CoO indicate complete
aluminum foils

removal from
following
experimental conditions: temperature of
600°C vacuum evaporation time of 30 min,
and residual gas pressure of 1.0 kPa.

Nevertheless, it often had a drawback
on the following chemical leaching process.
For example Shin et al. [8] investigated that
incineration of cobalt
particles at 900°Cfor 1 h to eliminate carbon
and organic binder
leaching significantly lead the leaching
efficiency lower.
2.2. Secondary Treatment

During physical process,
cathode material or anode material can be
peeled. Most cathode material or anode
material is still attached to the foil since the
electrodes in the spent LIBs consists of
electron-conducting carbon, binder and Al
current collector. Therefore, there are many
alternatives processes have been tested to
separate LiCoO; from Al foil and recovery
valuable components. Figure 7 illustrates
the systematic secondary
process of the spent LIBs that Cu foil and Al
foil can be extracted for Cu or Cu solution, Al
or Al solution, Li solution, Co solution, and C
[1].
2.2.1. Ultrasonic Treatment

Ultrasonic treatment was attested to be
effective to helpfully separate the cathode
material from the Al foil [20][29][30]. The
use of agitation alone will make the
electrode materials still stuck to the foils.
Then, using ultrasonic washing alone will
make only part of the electrode materials
could be eliminated. However, when the
agitation and the ultrasonic washing were
used simultaneously, nearly all electrode
materials could be separated from Al foil.
Hence,
regarded as assisting way[21]. Li et all
studied about the leaching of Co and Li from
spent LiCoO;

under the

lithium oxide

before chemical

only few

treatment

ultrasonic treatment is often

with the assistance of
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ultrasonic agitation and the increased
leaching efficiency was mainly ascribed to
the unique cavitation action of ultrasonic
waves. Because of the cavitation action of
ultrasonic, the dissociation of H* and
chelating with Co2* is supremely fast.
Consequently, with the ultrasonic-assisted
technology and citric acid, more than 96%
Co and 98% Li obtained in the spent LIBs
were leached at relatively low temperature
in a short time. The application of ultrasonic
agitation advanced the leaching efficiency of
both metals[31].

Temperature also
processing efficiency. Applying ultrasonic
washing and agitation at 55°C 92% of the
electrodes was eliminated, but the
elimination ratio mitigated to 76% at 85°C
and the electrodes could not be completely
separated from the Al foils (Fig. 4a). This is
mainly because at higher temperatures the
force lead by the collapse of the ultrasonic
cavitation bubble is relatively small, and it
cannot completely ruin the binding agent
between electrode materials and Al foils
[21].

The cavitation effect of the ultrasonic

influenced the

wave can produce greater pressure to ruin
insoluble substances and distribute them in
the water. The flushing effect agitation then
facilitates the process of separating
electrode materials from Al foils[21]. The
products can be obtained after crushing and
ultrasonic treatment [20].
2.2.2. Dissolution process

The dissolution process proposes a
larger efficiency in the recovery of valuable
components of spent Dbatteries. The
adhesion of the PVDF that holds the active
materials (anode and cathode) to the
current collectors would weakened by this
process. However, the right organic solvent
dissolving  of  the
polyvinylidene fluoride (PVDF) or the
polytetrafluoroethylene (PTFE) to support
a successful dissolution process. N, N-
dimethylformamide = (DMF), N, N-

influence the
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dimethylacetamide @~ (DMAC) and N-
methylpyrrolidone (NMP) can used as
organic solvents for separation of active
materials from cathodes. All reagents can
employed
purification[32].

Contestabile et al. [21] studied recycling
process of spent LIBS in a laboratory scale.
They used N-methylpyrrolidone (NMP) to
dissolve PVDF in the spent LIBs recycling
since NMP is a good solvent (solubility
around 200 g/kg of solvent) for PVDF, i.e.
for the binder used to hold the electrode
films on the substrate, and that its boiling
point is high (about 200°C). The experiment
using NMP was treated at 100°Cfor 1 hour
and recovery of both copper and aluminum
in their metallic form was obtained [5].

Lietal. also investigated the separation
of the electrode materials from the current
collector using ultrasonic vibration then
treated using NMP at 40°C for 15 min to set
free the active materials from current
[30].
performed that the cathodes foils were
immersed in NMP in an ultrasonic washing
container as assist for 30 min at 80 °C
(ultrasonic frequency of 40 Hz at 100 W)
then calcined at 800 °C for 2 h to eliminate
carbon, binder, and other impurities[33].

Zhou et al. presented the experiment
about the solubility of PVDF in DMF, DMAC
and NMP tested at different temperature to
determine the optimal operating condition
for recovering LiCoO, from cathodes by
dissolution method. The result of the
experiment can be seen in figure 4. The
author chose DMF as the decent solvent
because of the solubility and costs. In this
experiment, cathodes are immersed into
DMF for 2h at 60°C because of the low
boiling point of DMF and the results
showed that solubility of DMF for PVDF
could reach 176g/L at 60°C[32].

without any further

collectors Chen and Zhou also
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2.3. Acid Leaching

Leaching is a common technique of
recycling. This process will extract one or
more solutes from a solid using a liquid
solvent. Both phase get into close contact
and the solute or solutes used can diffuse
from the solid to the liquid phase, causing to
a separation of the original components of
the solid[34]. H2504 [35][36], HCI [37][5]
and HNOs [12][38]
leaching agents for LiCoO;leaching process.

Zhang et al. presented a study of various
leachates to leach the LiCoO; such as
sulfurous acid,
hydrochloride and hydrochloric
Hydrochloric acid offer the optimum
performance among the three leachates
tested. The high efficiency used 4 M HCI
solution at 80 °C for 1 hour, and could be
obtained more than 99% of cobalt and
lithium [37]. Subsequently, hydrochloric
acid was applied for the leaching of lithium
and cobalt by other researchers such as
Contestabile et al.[5].

Castillo et al. used nitric acid compared
to hydrochloric acid in the lithium leaching
processes. The that
dissolution in hydrochloric acid, even for
very small concentrations (typically 0.1
mol/L), only can recovered 80% lithium
after 2 h. When using nitric acid under the
same time conditions with concentration is

usually utilize as

hydroxylamine
acid.

results showed

ranging between 1 and 2 mol/L, it
approximately recovered 100% lithium
[12].

A new procedure for the nitric acid
leaching of LiCoO; from lithium-ion
batteries was submitted by Lee and Rhee i.e.
reductive leaching of the cathodic active
material with H»0, addition in a nitric
acid[6]. Kim et al. proposed a leaching
process using sulfuric acid to recover
lithium and cobalt. The effects of the
leaching agent, particle size and
incineration during acid leaching were
tested in order to obtain the optimum
condition for metal recovery[39]. Kang et
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al. performed reductive acid
process of the fine fraction (36.4% -16
mesh) that contains most of the cobalt as
LiCoO; for 1 h at 60 °C with 2 M H,SO4 and 6
vol.% of Hz0; recovered 98% cobalt and
97% lithium [40]. Jha et al. developed the
experiments were carried out to optimize
the process parameters for the recovery of
cobalt by varying the
concentration of leachant, pulp density,
reductant volume and temperature. The
optimum conditions of leaching used 2 M
sulfuric acid with the addition of 5% H0;
(v/v) at a pulp density of 100 g/L and 75 °C
for 1 hour resulted in the recovery of 99.1%
lithium and 70.0% cobalt. Hz0: in sulfuric
acid solution represents as an effective
reducing agent, which enlarge the
percentage leaching of metals [19].

Wang et al. investigated a novel
recovery process with
concentrastions of HCL and the optimum
leaching conditions are chosen to be 4 M
HCL concentration, 80 °C leaching
temperature, 1 hour leaching time and 0.02
gml-1solid-to-liquid ratio, as a result 99.5%
Co,99.9% Li, 99.8% Niand 99.8% Mn in the
mixture are readily leached out[21].

The procedure includes the mechanical
separation of lithium cobalt oxide particles,
can be applicable
recycling of lithium-ion battery waste. Li et
al. utilized citric acid and hydrogen
peroxide (CsHgO7.H20 and H;0-) as leaching
reagents to investigate reaction conditions.
Co and Li were recovered from the leaching
solutions as their respective citrates. More
than 90% Co and nearly 100% Li were
obtained experimentally by varying the
leachate, time and
temperature of the reaction as well as the
starting solid-to-liquid ratio[41].

Sun and Qiu used organic oxalate as
leachant and precipitant to leach and
precipitate with LiCoO;. The efficiency of
LiCoO; was increasing by the increasing of
the concentration of oxalate, the reaction

leaching

lithium and

various

in the commercial

concentrations of
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temperature and time, however the
influence of H,0; added was found to be not
significant for the metal reaction conditions.
The highest reaction efficiency of 98% of
LiCoO; was achieved under the optimum
conditions. Wang 2012 developed reductive
leaching process using H2SO4and Na;S;03 as
leaching agent and reducing agent. The best
condition in this study scope was 3 mol/L
H2S04, 15: 1 of liquid/solid, 0.25 mol/L
Na;S;03 at temperature 90 °Cfor 3 h,
indicated that the recycling rates of Co and
Li are 99.95% and 99.71% respectively
[42].

Nayl et al. performed a procedure for
dissolving and recovery Al, Cu, Mn, Co, Ni,
and Li served in the powder obtained from
crushing, and mixing of different spent LIBs.
The conditions of leaching were 4.0 M
NH4OH with a L/S mass ratio of 15/1 at 60
°Cfor 60 min, then the recovery efficiency
were 97.8% Al and 64.7%. Subsequently,
about 97.8% Mn, 99.4% Ni, 99.6% Co, and
98.8% Li have been leached from the alkali
residue of spent LIBs using 2.0 M H,SO04 with
4.0% H20; at 70°C for 120 min with a L/S
mass ratio of 10/1[43].

Lietal. developed the leaching of Co and
Li from spent LiCoO; with the assistance of
ultrasonic agitation for sulfuric acid,
hydrochloric acid and citric acid with the
conditions. From the experiment was found
that citric acid was more effective and
environmentally friendly than H,SOs; and
HCI inorganic acids in the leaching process.
The leaching conditions were 2 M citric acid
with 0.55 M H;0, an S/L ratio of 25 g/L at
60 °C for 5 hours using ultrasonic power of
90 W then obtained more than 96% Co and
nearly 100% Li[31].

Zeng et al. developed recovery process,
only combined with oxalic acid leaching and
filtering. The results from theory and
experiments showing that LiCoO; can be
leached utilizing oxalic acid without an
assistance hydrogen peroxide
solution. The recovery efficiency of lithium

from
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and cobalt from spent LIBs can reach about
98% and 97%, the conditions at 150 min, 95
°C, 15 g/L solid-liquid ratio, and 400 rpm
rotation rate[44].

Joulie et al. studied the leaching of NCA
cathode using sulfuric,
hydrochloric acids as leaching solvent. At
The optimum leaching conditions have been
obtained at 4 mol/L hydrochloric acid, 90 °C
18 h with 5% (w/v) solid to liquid ratio. For
the cobalt, it has been recovered by
oxidative precipitation. The recovery
efficiencies of cobalt and nickel are
respectively 100% and 99.99%. The purity
of cobalt hydroxide and nickel hydroxide
are resulted respectively at 90.25 wt.% and
96.36 wt.% [45].

Bertuol et al

nitric and

investigated the
effectiveness of supercritical fluids for the
leaching of cobalt contained in spent LIBs
which performed with supercritical CO2 and
co-solvents under conventional conditions.
In both cases, sulfuric acid and H;0, are
used as reagents. Then, to recover the
cobalt, the solution obtained from the
supercritical leaching is processed using
electrowinning. The results of
electrowinning using a leach solution
achieve a current efficiency of 96% and a
deposit with cobalt concentration of 99.5
wt%][46]. Guo et al. (2016) studied the acid
leaching process to recycle lithium from
anode electrodes of spent LIBs. At leaching
temperature of 80°C, 3 M hydrochloric acid
and S/L ratio of 1:50 g/ml for 90 min
produced the highest leaching recovery of
99.4 wt% Li[47].
2.4. Bio Leaching

Bioleaching is a process of mineral bio-
oxidation utilizing microorganisms as
assistance which transforms insoluble
metal sulfates into water-soluble metal
sulfate [48]. Microorganisms (bacteria and
fungi) make numerous physiologically
important reactions that allow them to
grow and reproduce. The formations of
metabolic products such as inorganic and
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organic acids by microbial activities assist
in the leaching of metals from wastes and
minerals [49].

Mishra et al. studied bioleaching of
metals from spent lithium ion secondary
using Acidithiobacillus
ferrooxidans. The results showed that it is
potential to dissolve metals from spent
cathode material of LIBs by the use of
acidophilic bacteria. These cells are able to
grow in the medium containing elemental
sulfur and iron as their energy source, and
the results showed that a culture of A. ferro

batteries

oxidans can generate sulfuric acid to leach
metals indirectly from the LIBs. It was found
that Cobalt was leached faster than lithium.
The utilize of Fe(ll) ion in the leaching
experiments was to multiply the cell
growths in the lixiviant: the higher the
Fe(Il) ion concen tration, the slower the
metal dissolution. It was caused by co-
precipitation of Fe(I1I) which formed during
the course of the investigation with the
metals in the leach residues. Solid/liquid
ratio would influenced bacterial activity,
found that higher solid/liquid
prevented bacterial activity in the process
as higher metal concentrations are
considered to be toxic for cells.(49) in this
experiment using 5 g/L of solid /liquid ratio,
cobalt dissolution was about 65% and at 10
g/L it was about 56% [49].

Xin et al. developed the bioleaching
mechanism of Co and Li from spent LIBs
through a mixed culture of sulfur-oxidizing
and iron-oxidizing bacteria. The dissolution
of Co and Li from the spent LIBs mainly
depended on the non-contact mechanism,
but not on the contact mechanism. This
experiment used bioacidic dissolution as
the bioleaching mechanism of Li in three
displayed the
maximum extraction efficiency in the S
system due to its having the lowest pH.
During bioleaching, the Oxidation-
Reduction Potential (ORP) value of the
solutions was observed for reflecting the

ratios

bioleaching systems; Li
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generation of Fe3*/Fe2* and their
transformation, the pH value was evaluated
for reflecting the balance between the bio-
genetic sulfuric acid and its consumption,
then concentration of Co and Li was
assigned for reflecting the bioleaching
efficiencies. the different
energy materials would distinguished the
dissolution mechanisms. Acid dissolution

Nevertheless,

was the sole mechanism for Co release in
the S system, a combined action of acid
dissolution and Fe?* mediated reduction
accounted for Co release in the S + FeS; or
FeS, system. The maximum leaching
efficiencies of this experiment was 90% Co
and 80% Li [50].

During spent LIBs recycling process
using A. ferrooxidans, wastewater was
produced. Yoo et al. treated wastewater
biologically then recirculate the treated
water in the recycling process. From the
treatment, it could be known that the
bacteria can maturate in solutions with high
metal concentrations such as 8000 g m-3 of
Cr and 13,000 g m3 of Ni, but the Fe2+
oxidation activity of the bacteria is
significantly suppressed by Li
concentration of 5000 g m-3 in a pure 9 K
medium. Even though a low Fe oxidation
observed, the pH and Fe
concentration respectively decrease to 1.8
and 21,633 g m3 in the case of a 90 vol.%
real wastewater
proposed that wastewater treated by the
bacteria can be re-utilized in the recycling
process [51].

Horeh et al. also developed the fungal
bioleaching of spent mobile phone batteries
in laboratory-scale using Aspergillus niger
through one-step, two-step and spent
medium bioleaching. It was indicated that
the recovery efficiencies of spent medium
bioleaching methods was higher than that
in others, obtained 100% Cu, 95% Li, 70%
Mn, 65% Al, 45% Co and 38%. In one-step
bioleaching methods, 100% Li, 58% Al, 11%
Cu and 8% Mn were recovered with Ni and

ratio is

solution. This result
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Co having negligible leaching. Using two-
step bioleaching methods could recovered
100% Li, 61% Al, 10% Mn, 6% Cu and 1%
Co (the amount of leached Ni was
negligible). Furthermore, the results also
showed that citric acid had an important
role in the effectiveness of bioleaching using
A. niger, compared with other detected
organic acids (gluconic, oxalic and malic
acid). The results of FTIR, XRD and FE-SEM
analysis of battery powder before and after
bioleaching process affirmed that the fungal
activities were quite effective.Furthermore,
according to the results, citric acid was the
major lixiviant among the other determined
organic acids produced by the fungus [52].
of the
bioleaching, commercial application of this
method in metal extraction is relatively
limited [49][50]. Therefore it is required
different methods to tested,
improving bacterial cultivation, adhesion of
metal-ions, and the addition of tensioactive
agents in order to improving bioleaching
rates [53]-[55]. Various authors [56]-[59],
have presented that the rate of metal
dissolution during the bioleaching process
can be improved by adding catalytic ions to
the solution. Authors such as Hu et al
[60]and Carranza et al. [61], utilized metals
such as Ag, Bi, Ru and Hg, as catalysts. So
that, It is necessery to utilize metal catalysts
which are efficient while being cheap
enough to enable application during the
bioleaching process on an industrial scale.
Along these lines, Zeng et al,
investigated a process ofcopper-catalyzed
bioleaching to recycle cobalt in spent
lithium-ionbatteries (mainly LiCo0O3). The
authors investigated the effect of copper
ions on the bioleaching of LiCoO; using
Acidithiobacillus ferrooxidans (A.f). They
attested that almost all of the cobalt
(99.9%) after 6 days turned into the
solution in the presence of 0.75 g/l of
copper ions, while only 43.1% of cobalt

Because slow Kkinetics of

such as
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dissolution was obtained after 10 days

without the use of copper ions [62].

3. Deep Recovery
In pretreatment stage, only a few metals

as Cu and Al can be achieved, but more

metals will be transformed into leaching
solutions in secondary treatment stage
when the cathode material or anode
material is leached. Hence, to develop some
processes should be necessary so that the
leaching solutions can be recovered for Co,
Li, Cu, and Al. Based on the latest status, the
deep recovery process is summarized in
Figure 10. The combining process of solvent
extraction, precipitation, electrowinning
has been developed for high purity
products[1].
3.1 Solvent Extraction

Solvent extraction has been widely used
as a method to recover and separate metals
from the leach liquor, effluents, and the
waste [34]. In order to recovery of metal
from waste LiCoO; , solvent extraction is
possible thru different routes and using
different extractants such as PC-88A [63],
D2EHPA [63], and Cyanex 272[35][3].

Swain et al. [64], investigated a
hydrometallurgical process (acid leaching,
solvent extraction, scrubbing and stripping)
for the recovery of a pure and marketable
form of cobalt sulfate solution/ salt from the
waste produced by the LiB industry. The
results can be showed below:

e It was found that the best condition for
leaching cobalt from the waste LiCoO; 2
M H,S04at 75 °C, pulp density of 100 g/L,
and 5 vol% of H20; for 30 min. Under
these  conditions, the leaching
efficiencies of cobalt and lithium were
obtained 93 and 94%, respectively.

e By using a Cyanex 272 concentration of
1.5 M, an initial pH of 5 and an O/A ratio
of 1.6 in a single stage, the quantitative
recovery of cobalt with a minimum
lithium co-extraction was achieved.

e Subsequently, the residue of the cobalt

was extracted at a Cyanex 272
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concentration of 0.5 M, an initial pH of

5.35 and an O/A ratio of 1 in a single

stage.

Lupi et al. [24], performed a
hydrometallurgical process to recycle Li-ion
and Li-polymer batteries containing both
LiCoO> cathode
materials. The operations used in the
process were: cathodic paste leaching,
cobalt-nickel separation by
extraction with modified Cyanex 272 in
kerosene, Co and Ni metal recovery by
galvanostatic electrowinning, Co and Ni
recovery by potentiostatic electrolysis
presented on partially depleted
electrolytes. The results were summarized
below: The electrowinning process
conditions of the metallic Ni was at 250
A/m?, pH 3-3.2 and temperature process at
50 °C, obtained 87% current efficiency and
2.96 kWh/kg specific energy consumption.
Current efficiency of Ni Powder which
generated by Potentiostatic electrolysis was
changing from 70% to 45%, depend on Ni
concentration in the electrolyte. By using a
solution containing manganese and
(NH4)2S04 at 250 A/m?, pH 4-4.2 and 50 °C
can be achieved 96% current efficiency and
2.8 kWh/kg specific energy consumption
for Co. The Co powder, generated in
potentiostatic conditions (0.9 V vs. SCE, pH
4, room temperature) emerge mainly
appopriate for recycling Co as cobaltite in
new batteries.

Kang et al.[40]
system for selective extraction of cobalt
from nickel and lithium were 50%
saponified 0.4 M Cyanex 272 at optimum
equilibrium pH 5.5-6.0, achieved 95-98%
Co extraction and ~1% Ni extraction.
Extraction and separation of Mn(II), Co(II),
Ni(II) andLi(I) from the leach liquor spent
LIBs was proposed by Nayl et al.[65]. The
Precipitate conditions of Mn(II), Co(II),
Ni(II) and Li(I) were at 20% Acorga M5640
in kerosene with agitation for 5 min at 30 °C

and Li-CoxNig02 as

solvent

recommended the
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at equal phase ratio of unity, achieved more
than 99% purity.

Chen et al.[66], investigated a combined
hydrometallurgical process (selective
precipitation and solvent extraction) in
order to recover metal values from the
First,
used

leaching
precipitation of
dimethylglyoxime reagent after purification
operation.
could be re-utilized as precipitant for nickel

liquor of spent LIBs.

nickel

Recycled dimethylglyoxime

and showed similar  precipitation
performance compared with fresh
dimethylglyoxime.  After  that, the

separation of manganese and cobalt was
conducted by solvent extraction method
using cobalt loaded D2EHPA. Finally,
C0C204.2H;0 and Li,CO3; were resulted from
precipitation and recovering of cobalt and
lithium using ammonium oxalate solution
and saturated sodium carbonate solution,
respectively. Recovery efficiencies could be
achieved as follows: 98.7% Ni; 97.1% Mn,
98.2% Co and 81.0% Li under optimized
experimental conditions.
3.2 Chemical precipitation

Compared with
method, chemical precipitation has simpler
operation and relatively higher recoveries
of metals from spent LIBs. This method,
employed during recovery and recycling of
spent LiBs, utilize precipitation agents in
order to precipitate valuable metals in
spent LiBs like cobalt [67].

Contestabile et al.[5], studied the
treatment and recycling of spent LiBs under

solvent extraction

laboratory  conditions. The  process
implicated the following stages:
classification, trituration and sieving,

selective separation of the active materials,
cobalt
hydroxide addition
equivalent volume of a 4 M NaOH solution,
the cobalt which dissolved in a chlorhydric
solution was recovered as cobalt hydroxide
Co(OH).

lithium cobalt dissolution and
precipitation. By
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Zhu et al.[68], combined method of acid
leaching and chemical precipitation to
recover y Co and Li in spent Libs. The
component separated from the cathode of
LiBs were dissolved in 2 mol/L H,SO4 and
2.0% H20; (volume fraction) solution, then
by addition of (NH4)2C204, with the
conditions 1.2:1.0 molar ratio of ammonium
oxalate to Co?*, an initial pH of 2, at 50 °C for
1 h, would be precipitated as CoC204:2H20
microparticles. After collection of the
Co0C204:2H20 product by filtration, the
LiCO3 precipitates were achieved by
addition of Na;COs3 in the rest filtrate, the
molar ratio of sodium carbonate to Li* is
1.1:1.0, equilibrium pH is 10, lithium-ion
concentration is 20 g/L, reaction time is 1 h
at 50 °C, and agitation speed is 300 r/min.
The results showed that 96.3% of Co (mass
fraction) and 87.5% of Li can be dissolved in
the solution, 94.7% of Co and 71.0% of Li
can be obtained respectively in the form of
COC204'2H20 and LizCOg.

The precipitate can be obtained by
centrifugation or filtration. The benefit of
the precipitation reaction is the re-utilize of
the material if a appropriate solidifying
agent was used. A disadvantage is a possible
left solubility of the connection and the
soiling of the metal connections which
require to employ an additional cleaning
step [4].

3.3 Electrocemichal proses

Electrowinning can be employed to
extract metal components out of solution
and achieved the necessary reduction. In
electrowinning, two electrodes are applied
to serve energy to the solution and yields
oxidation and reduction of ions in the
solution. The method need differing
reductive and oxidative potentials for the
metals present in the solution.
extraction can be employed to separate
metals into different solutions thereby
allowing for electrochemical deposition to
generate very high purity metals [4].

Solvent
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Myoung et al. studied an
electrochemical deposition and suitable
thermal treatment to set up cobalt oxide
from Co (III) of waste LiCoO2 cathodes.
Under suitable pH conditions,
shaped cobalt hydroxide is precipitated on
the titanium substrate and heat treatment
of the cobalt hydroxide results in the
formation of cobalt oxide [69].

Freitas and Garcia investigated the
recovering of cobalt from spent cellular
telephone using
electrochemical techniques. In line with X-
ray diffraction, the composition of cathodes
of spent Li-ion batteries consists of LiCoO2,
C0304, C, and Al. The Co304 present in the
cathode obtains from the transformation of
(LiCo02). In the
electrochemical recycling of cobalt, charge
efficiency increases with increasing pH. The
higher charge efficiency obtained was
96.90% at pH 5.40. The application of the
nucleation
electrodeposition stages indicates that the
nuclei grow progressively at pH 5.40
(progressive nucleation). SEM represented
a three dimensional nucleus growth. The
nucleation process becomes instantaneous
(instantaneous nucleation) with the
decrease in pH to 2.70. For electrodeposits
formed at - 1.00 V the resistant to corrosion
increase with the increase of pH. This fact is
proved by the decrease
hydrogen in electrodeposits. In pH 5.4 the
cobalt electrodeposition begins
Co(OH);. This mechanism does not result in
hydrogen inclusion in the electrodeposits
[70].

Compared to other hydrometallurgical
processes, electrolysis can achieve a highly
pure cobalt compound from spent LiBs
since it does not introduce other substances

island-

Li-ion batteries

the active material

models to the initial

in adsorbed

from

and therefore avoid introduction of
impurities. However, the disadvantage of
this process is

electricity[4].

consuming too much
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4. RENOVATION & RESYNTHESIS

ELECTRODE MATERIAL OF SPENT LIBS
Some LIBs can be renovated for reuse

again. Re-synthesis of electrode materials
from the recycled spent LIBs is developed
by many researchers. Some combination
technique of renovation & resynthesis
electrode materials of spent LiBs will be
explained the following.

4.1. Combined Processes of Mechanical,
Thermal, Hydrometallurgical and
Sol-gel steps
Lee and Ree[38],

combined

investigated a
recycling process
mechanical, thermal, hydrometallurgical
and sol-gel steps to recover cobalt and
lithium from spent LiBs and synthesize
LiCoO; from leach liquor as cathodic active
materials.

Mechanical and thermal treatment was
employed to concentrate the electrode
active materials in a powder form, under
the conditions: first thermal treatment at
100-500 °C for 30 min, high-speed
shredding to 5-20 mm, second thermal
treatment at 300-500 °C for 1 h, vibrating
screening, calcination at 700-900 °C for 1 h.
The results shows that the carbon and
binder were incinerated by calcination
above 800° C. Then, acid leaching was
carried out to dissolve Co and Li from
cathodic active materials. Before leaching,
the active material was ground in a ball mill
then dried in an oven at 60 °C for 48 h. The
mean particle size is about 15 pm. Addition
of hydrogen peroxide to the nitric acid in
leaching would enhanced Co extraction 40-
85% and Li extraction 75-85%. The
extraction of Co and Li is enhanced with
increasing HNO3 concentration,
temperature and the amount of hydrogen
peroxide and with decreasing S:L ratio. It
was found that the optimum leaching
conditions are 1 M HNOs3, 20 g/l initial S:L
ratio, 75°C, 1.7 vol.% H;0, and 1 h[38].

Of the many possible processes to
produce LiCoO; the amorphous citrate

involving
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precursor process (ACP) has been
employed to produce powder with a higher
surface-area  that gave a  higher
performance. Subsequent to leaching, the
molar ratio of Li to Co in the leach liquor is
set to 1.1 by adding a fresh LiNO3 solution.
In order to prepare a gelatinous precursor
in a rotary vacuum dryer at 65°C for 2 h, 1
100%
stoichiometry is added. When the precursor
is calcined at 950 °C for 24 h, purely
crystalline LiCoO; is successfully achieved.
The particle size and specific surface-area of
the resulting crystalline powder were 20
mm and 30 cm?2/g, respectively[38].
Then, the cathodes were prepared with
a mixture of LiCoO, 15 wt.% acetylene
black and 5 wt.% binder pasted on an
aluminum  foil current-collector for
electrochemical performance tests. The
results indicated that initial charge and
discharge capacities of the LiCoO, powder
are 165 and 154 mAh/g, respectively[38].
4.2. Combined Processes of Ultrasonic
treatment, Acid dissolution,
Precipitation
Li et al. [30] studied separation the
electrode materials from the
collector by assisting of
vibration. In order to release the active
materials from current collectors, the
electrode material was immersed in NMP
solution at 40°C for 15 min, then filtered
them out from the NMP solution. H,S04 and
H,0; are selected to dissolve Co and Li from
the separated electrode powders, under the
conditions 3M H,SO4and 1.5M H;0;at 70°C
for 1 h. By addition of a 1M Na;C;04 solution,
the 99.5% cobalt that dissolved in the H2S04
and H0; solution is precipitated as CoC204
at 50°C. Lithium is left in the surplus filtrate
after the elimination of cobalt. The filtrate is
concentrated to be about 3 M of Li, and then
treated with a saturated Na,CO3 solution.
The Lithium can be recovered till 94.5%
when adding 100%
Na;COs3 solution. The recovered of Li»,CO3

M citric acid solution at a

current
ultrasonic

excess saturated
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and CoC;04 are utilized as precursors to
prepare LiCoO;. The CoC;04 is baked, and
mixed uniformly with a Li/Co molar ratio of
1.05:1 by grinding. LiCoO; is achieved by
heating the mixtures at 600°C for 6 h,
grinding, and heating at 900°C for 10 h,
successively. The
perfomance is tested in a coin cell, which
consists of a cathode with the composition
of 88 wt% LiCo0;, 6 wt% carbon black, and
6 wt% PVDF. The results indicated that the
morphologies of the synthesized LiCoO;
particles are close to spherical with particle
size of about 10 u m and its electrochemical
perfomance presents a specific capacity of
153 mAh/g and good cycleability at 0.2 °C.
4.3. Hydrothermal method

Kangetal. [71],reported that separation
and renovation of LiCoO2 cathode material
simultaneously using a single synthetic step
by the hydrothermal treatment. LiCoO:
phase can be achieved by the hydrothermal
reaction [2][3][8][73][74]. Therefore, the
reaction mechanism is fully based on
“dissolution-precipitation”
[8][73][74]. The simultaneous separation
and renovation of LiCoO cathode material
laboratory-made
stainless autoclave with two
polytetrafluoroethylene (PTFE) vessels.
One of the PTFE vessels is adjusted to the
pressure vessel of the autoclave and the
other is a small PTFE vessel with a lid that
has a lot of holes 1 mm in diameter to make
the possible exchange of the inside and
spent LiCoO;
electrodes were put in the small PTFE
vessel, then the small PTFE vessel was
immersed in 5.0 M LiOH solution during the
hydrothermal reaction. The conditions of
hydrothermal experiment was at 200- C for
20 h with an approximate heating rate of 3.0
° C/min and the subsequent isothermal
process followed by the cooling process. No
external pressure and gas injection were
added during the hydrothermal reaction
and the pressure in the autoclave is just

electrochemical

mechanism

was employed in a

steel

outside solutions. The
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ascribed to water evaporation at 200 °CThe
dark gray colored powder was precipitated
on both of the bottom of two PTFE vessels.
In order to remove residual LiOH solution,
the precipitate in the large PTFE vessel was
rinsed several times using doubly distilled
water with assisting ultrasonic cleaner, and
then dried at 80° C for 10 h. The renovated
LiCoO; powders were mixed with 10 wt.%
carbon black and 10 wt%
polyvinylidene fluoride (PVDF) binder
dissolved in NMP until a slurry was

super-P

achieved. The estimated properties show
the renovated LiCoO2Z phase to be
proposing as a cathode material for lithium
rechargeable batteries eventhough the
separation of LiCoO: is not completely
attained. The results of the electrochemical
performance for the first discharge capacity
was 144.0 mAh/g and the discharge

capacity retention was 92.2% after 40

cycles [71].

4.4. Combined Processes of
Detachment with NMP, Acid
leaching, Electrochemical

Li et al. [74], perfomed a new process
for recovering and regenerating lithium

cobalt oxide from spent lithium-ion by a

combination of detachment with N-

methylpyrrolidone (NMP), acid leaching

LiCoO;

deposition technology.

After discharging & dismantling, black

pastes were separated from the cathode by

assisting ultrasonic energy together with

and resynthesis of using

electrochemical

NMP. Then cathode active material was
achieved by calcination of carbon and
residual binder at 800 °C for 2 h. After the
calcination process, the resulting LiCoO:
powder was leached at 80 °C for 1 h with 1
M HNOs containing 1.0 vol.% H:0; in a
reactor, in which the ratio of S:L (Solid:
Liquid) was 20 g/L. Synthesis of LiCoO:
films was presented in a hermetically sealed
80 ml polytetrafluoroethylene vessel. The
electrochemical deposition experiments
were employed with a nickel plate as the
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anode and platinum as cathode. The

electrolyte was an alkaline solution consist

of 20 ml leaching liquor which pH was
adjusted to 11 with 30 ml LiOH solution.

During the electrolysis process, the current

was preserved at 1.0 mA/cm? the

temperature was 100 °C for 20 h. After that,
the LiCoO; samples were rinsed with doubly

distilled water, then dried at 80 °C for 24 h.

Electrochemical properties of the samples

were tested in CR2025 coin type cells. The

results showed that the initial charge and

discharge capacity were 130.8 and 127.2

mAh/g, respectively, and the capacity had

decreased by less than 4% compared with
the first cycle after 30 cycles. The particle
size and layer thickness of the regenerated

LiCoO; crystalline powder were 0.5 um and

0.2 mm.

4.5. Combined Processes of Vacuum-
assisted Heat-treating and Solid
state reaction

Luetal. [75] developed a simple process
combination of vacuum-assisted heat-
treating and solid state reaction to re-
synthesize LiCoO, from spent lithium ion
discharging, the spent
batteries were placed into a 1 wt.% NaCl
solution, then the discharged batteries was
heat-treated at 600 °Cin vacuum condition
for 3 hours to eliminate the organic solvent
and carbonize the binder. After that, the
battery was cut, ground and sieved to
separate the metallic composite and
powder. The powder that mainly contains

batteries. For

cathode and anode active materials then
heat-treated at 800°C to eliminate the
carbon and the final obtained product
(denoted as Co-A) was evaluated by atomic
absorb spectroscopy to analyze the
contents of Co and Li. The LiCoO; was
synthesized by direct reaction of the
recycled Co304 and Li»CO3 with
Li:Co=1.05:1, then the reactants were mixed
in ball-mill for 2 hrs. After that the mixture
was sintered at 750 °Cfor 15 hrs to produce
the LiCoO 2 (denoted as LCO). The slurry of
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LiCo0; as cathode material was processed
by ball-milling a mixture of 10 wt.% Super
P (TIMCAL) carbon as conductive regent,
80 wt.% LiCoO; as active materials and 10
wt.% PVdF as binder with an adequate
amount of N-methyl-2-pyrrolidone (NMP)
solvent for 2 hrs. The LiCoO; slurry was
coated onto Al foil with an area of 1 cm?,
then the electrodes were dried at 100 °C
under vacuum for more than 10 hrs to
obtain an electrode. The re-synthesized
LiCo0; indicates a reversible capacity of
106.8 mAh/g and nearly no capacity
degradation after 20 charge/discharge
cycles.
4.6. Combined Processes of Ultrasound-

assisted Hydrothermal

Zhang et al. [76], investigated
renovation of LiCoO; using Ultrasound-
assisted Hydrothermal. After dismantling
and physically separating of Spent LiBs into
their different parts, the cathode plates
were put into muffle and heated at 500 2C
for 60 min to separate LiCoO; powder from
aluminum foil. LiCoO; powder at 10 g was
put in a beaker and then 2.0 mol/L of LiOH
solution was added to make 600 mL of
mixed solution, and was renovated by way
of ultrasound radiation under
hydrothermal method in a concentrated
LiOH solution at temperature 80 <©C,
ultrasonic power 600 W, ultrasonic method
“work 5s-stop 2s”, ultrasonic radiation for 6
h and then cooled to room temperature.
Ultrasonic wave can make cavitation effect
and acceleration effect in liquid to increase
the probability of stripping of PVDF from
the surface of LiCoO,. The ultrasonic
shearing effects also encouraged the mass
transfer process of Li*, and consequently
the average content of Li* from the spent
LiCoO; was enhanced. The residue was
rinsed several times with deionized water
and dried at 80 °Cuntil constant weight. The
achieved sample was collected for next
testing. In
performance tests, renovated LiCoO; was

order to electrochemical

Apriliyani, et. al, 2021, Li-ion Batteries Waste Processing and Utilization Progress: A Review

assembled into button battery. The charge
capacity in the first cycle is 134.2mAh/g and
the discharge capacity is 133.5mAh/g, and
the discharge capacity is still 132.9mAh/g
after 40 cycles.

4.7. Carbothermal reduction process

Bian et al.[77], demonstrated a novel
process to recycle spent LiFePO4 for
synthesizing LiFePO 4 /C
microflowers. After dismantling and
separating operations, the cathodes,
anodes, separator and other components
could be separated
Particularly, elimination of aluminum foil
from LiFePO4 cathode materials was in a
way by immersing the cathode in NaOH
aqueous solution (10 mol/L) with
ultrasound-assistance. The aluminum foil
could be recovered in its metallic form and
the spent LiFePO4 materials were collected
through filtering, washing sequentially with
deionized water and ethanol, and drying at
80°Cin air. LiFePO 4 powder at 1 g was
dissolved into 40 mL, 0.5 mol/L phosphoric
acid (HzPO4) solution in a beaker at room
temperature with continuous stirring for 1
h. Afterwards, the acid leaching solution
was filtered to eliminate impurities such as
carbon powder,polymeric substance and
others, and a transparent solution was
achieved. The transparent solution was
then refluxed for 9 h at 85°Cin a 250 mL
three-necked flask with a vapor condenser
and FeP04.2H;0  precipitates
generated. The precipitate was collected by
filtering, washing times with
distilled water and ethanol respectively,
and drying at 80°Cin air.

Generating of LiFePO4 /C samples were
via a carbothermal reduction method using
the recovered FeP04.2H;0 hierarchical
microflowers as precursors. The mixture of
FeP042H;0 and Li,CO3; (molar ratio of
1:1.05) was initially dispersed into distilled
water, then glucose in a 20:100 weight ratio
to LiFePO4 product was also added to the

hierarchical

respectively.

were

several
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suspension with forceful stirring to form a
uniform slurry. In order to make dry
mixture, the slurry was heated at 80°C
sequentially it was milled in mortar and
heated at 350°C for 4 h and at 650°C for 9 h
in a tube furnace in N; atmosphere which
heating rate is 5°C min-1. The product was
called as Re-synthesized LFP. It can be
observed that Re-synthesized LFP sample
presents a discharge capacity of 159.3
mAh/g atalow rate of 0.1 C, corresponding
to 93.7 % of the theoretical capacity of
LiFePOy,
density is enhanced to 20 C, it can present a
discharge capacity of 89.33 mAh/g and has
high discharge platform too, showing that
Re-synthesized LFP is appropriate for
cathode materials of high-power lithium
batteries[77].

4.8. Using an Aqueous Pulsed Discharge

Plasma

Zhu et al[78], developed that
renovation of Lithium Cobalt Oxide from
Spent LiBs by an Aqueous Pulsed Discharge
Plasma in a laboratory-made plexiglas
cylinder. The reactor has dimensions of $p60
mmx130 mm and was fitted with an needle-
plate reactor and a positive needle
electrode (see Fig. 2). The positive needle
electrode was consist of five stainless steel
acupuncture needles ($0.30 mmx75 mm,
Hefei medical instruments Co., Ltd.), which
were placed approximately 1.5 cm above
the bottom of the reactor, and were
associated with five microtubes. Since the
gas bubbled by way of the microtubes into
the reactor, the gas surrounded the needle
tip and formed gas bubbles to homogenize
the solution with ultrasonic effect from
shock waves in a pulsed discharge to
stabilize LiCoO2 suspension.

The spent LiCoO; cathode material was
soaked in 0.1 M LiOH solution for 30 min.
Afterwards the renovated LiCoO; in the
reactor was filtered and rinsed three times
using doubly distilled water to eliminate
residual LiOH solution, and dried at 80 °C

and eventhough the current
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for 8h. The renovated LiCoO; was made as
cathode then assembled into button
battery. The cycling test (at 5/C rate)
indicated that the initial discharge capacity
and capacity retention after 50 cycles are
131.9 mAh g-1 and 97.2 %,
respectively[78].
4.9. Combined Processes of Green
recycling and Solid state reaction
Nie et al.[79], presented a green and
efficient recycling process to recycle spent
LiCoO>
conventional recycling processes. During
the recycling process, only the binder
(PVDF) and conductive carbon (acetylene
black) are eliminated, the structure of
recycled LiCoO; is not destroyed then the
obtained LiCoO; is produced by solid state
synthesis with Li,COs. The spent batteries
in Na2804
solution with iron powders for 24 h, totally
discharged by electrolyzing water and short
circuit, and then dismantled in a sealed
glove box. The electrolyte waste gas in
sealed box was liberated to air after three-
stage spray purification with DMF, dilute
alkaline solution and water in turn, and the
electrolyte liquid remaining in the
dismantled batteries was extracted and
collected by centrifuging. After manual
separation, washing and drying, the clean
diaphragms and batteries outer shells were
directly recycled, the clean cathodes and
anodes required to be further demolished.
In order to eliminate PVDF, the cathodes
were calcined in air at 400 °C for 1 h, and the
powders were separated from Al foils after
sieving (50 mesh screen). The Al foils were
recycled after further washing. After ball-
milling and sieving (400 mesh screen), the
cathode powder required to be further
calcined in air at 800 °C for 2 h in order to
eliminate acetylene black. The C, Li and Co
mass contained in the cathode powders
were respectively 0.3 %, 6.4 % and 59.2 %
(ICP), and the molar ratio of Li/Co was 0.92
after calculating.

batteries. It is different from the

were immersed saturated

In accordance with the
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data, 100 g cathode powders were mixed
with additional Li,CO3; powders (molar ratio
of Li/Co was 1.05:1), calcined in air at 850-
950 °C for 12 h, ball-milled, and sieved (400
mesh screen). Finally, the regenerated
LiCoO,; was achieved, then assembled into
button battery.

[t can be observed that the particle size
of regenerated LiCoO:is in the range of 5-20
and after regeneration at 900 °C, the
discharge capacity could attain about 152.4
mAh/g (commercial LiCoO; :140-155
mAh/g, coin cell) and the attenuation rate
of capacity during every cycle is only
0.0313 mAh/g.
4.10. Solid Phase Sintering Method

Song et al[80] proposed a direct
regeneration of cathode materials from
spent LiFePO, batteries using a solid phase
sintering method. Firstly, the spent battery
is dismantled to separate the cathode and
anode plate, then the cathode plate is
immersed in DMAC organic solvent to
separate the cathode materials and Al foil
(the optimal conditions : 30 min at 30 °Cand
solid liquid ratio of 1 : 20 g/ml). The
solution is filtered to obtain the powder and
dried at 60° C for 24 h. The spent LiFePO,
powder was placed in porcelain boat, and
quickly put into a tube heating furnace. The
furnace was sealed and bubbled into N; for
15 min, then adjusting the volume of N
until maintaining constant. By solid phase
sintering, the spent materials
obtained at different temperatures for 8 h
with the heating rate of 5 °G'min. After
sintering, the samples were taken out with
cooling. This experiment
investigated high temperature
regenerations (600 °C 700 °C 800 °g with
doping of new LiFePO. powder at the ratio
of 1:9, 2: 8, 3:7. The result showed that the
initial discharge of regenerated LiFePO4 can
attain over 120 mAh/g at 0.1 C, particularly
with the highest value of 144 mAh/g with a
doping ratio of 3: 7 at 700 °C

were

natural
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5. Conclusion

The development of Li-ion batteries
waste processing technology has increased
rapidly due to the presence of significant
amount of spent Li-ion batteries. The used
batteries can be handled by series of
metallurgical process. Heavy metals can
either be leached directly using acids or
indirectly using produced by
microorganism. The solution obtained from
leaching process contain valuable metals
that can be recovered through various
techniques such as chemical precipitation,
precipitation, heat
treatment and reduction process. The
various option can provide similar solution
of waste handling. In addition, a close loop
process is potentially beneficial since it does
not require fresh materials to obtain new
cathode materials. Thus, the exploitation of
metal from mining process can be reduced
which is also important for the
sustainability of LIBs technology.

acids

electrochemical

Acknowledgment: The production of
this article is supported by Centre of
Excellence for Electrical Energy Storage
Technology (CEFEEST), Universitas Sebelas
Maret. The authors are grateful for the
fruitful discussion with CEFEEST members,
particularly Mr. Cornelius Satria Yudha and
Ms. Mintarsih Rahmawati.

References

[1]  X.Zeng, ]. Li, and N. Singh, “Recycling
of spent lithium-ion battery: A critical
review,” Crit. Rev. Environ. Sci.
Technol., vol. 44, no. 10, pp. 1129-
1165, 2014, doi:
10.1080/10643389.2013.763578.

[2] D.i.RaandK.S.Han, “Used lithium ion
rechargeable battery recycling using
Etoile-Rebatt technology,” J. Power
Sources, vol. 163, no. 1 SPEC. ISS., pp.
284-288, 2006, doi:
10.1016/j.jpowsour.2006.05.040.

Volume 1 No. 1 Desember 2021 Online @http://jurnal.uns.ac.id/esta 41



Apriliyani, et. al, 2021, Li-ion Batteries Waste Processing and Utilization Progress: A Review

(3]

[4]

[5]

(6]

[7]

(8]

[9]

[10]

J. Nan, D. Han, and X. Zuo, “Recovery
of metal values from spent lithium-
ion  batteries  with  chemical
deposition and solvent extraction,” J.
Power Sources, vol. 152, no. 1-2, pp.
278-284, 2005, doi:
10.1016/j.jpowsour.2005.03.134.

J. Xu, H. R. Thomas, R. W. Francis, K. R.
Lum, J. Wang, and B. Liang, “A review
of processes and technologies for the
recycling of lithium-ion secondary
batteries,” J. Power Sources, vol. 177,
no. 2, pp- 512-527, 2008, doi:
10.1016/j.jpowsour.2007.11.074.

M. Contestabile, S. Panero, and B.
Scrosati, “Laboratory-scale lithium-
ion battery recycling process,” J.
Power Sources, vol. 92, no. 1-2, pp.
65-69, 2001, doi: 10.1016/S0378-
7753(00)00523-1.

C. K. Lee and K. I. Rhee, “Reductive
leaching of cathodic active materials
from lithium ion battery wastes,”
Hydrometallurgy, vol. 68, no. 1-3, pp.
5-10, 2003, doi: 10.1016/S0304-
386X(02)00167-6.

A. Chagnes and B. Pospiech, “A brief

review on hydrometallurgical
technologies for recycling spent
lithium-ion batteries,” J Chem.

Technol. Biotechnol., vol. 88, no. 7, pp.
1191-1199, 2013, doi:
10.1002/jctb.4053.

S. M. Shin, N. H. Kim, J. S. Sohn, D. H.
Yang, and Y. H. Kim, “Development of
a metal recovery process from Li-ion
battery wastes,” Hydrometallurgy,
vol. 79, no. 3-4, pp. 172-181, 2005,
doi:
10.1016/j.hydromet.2005.06.004.

D. Lisbona and T. Snee, “A review of
hazards associated with primary
lithium and lithium-ion batteries,”
Process Saf. Environ. Prot., vol. 89, no.
6, pp. 434-442, 2011, doi:
10.1016/j.psep.2011.06.022.

Zeng x, “Mechanism and technology
of nonferrous metals recycling from
typical e-waste parts [research],”

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Beijing: Tsinghua Unversity, 2014.

T. Prior, P. A. Wager, A. Stamp, R.
Widmer, and D. Giurco, “Sustainable
governance of scarce metals: The case
of lithium,” Sci. Total Environ., vol.
461-462, pp. 785-791, 2013, doi:
10.1016/j.scitotenv.2013.05.042.

S. Castillo, F. Ansart, C. Laberty-
Robert, and J. Portal, “Advances in the
recovering of spent lithium battery
compounds,” J. Power Sources, vol.
112, no. 1, pp. 247-254, 2002, doi:
10.1016/S0378-7753(02)00361-0.

J. Speirs, M. Contestabile, Y. Houari,
and R. Gross, “The future of lithium
availability for electric vehicle
batteries,” Renew. Sustain. Energy
Rev., vol. 35, pp. 183-193, 2014, doi:
10.1016/j.rser.2014.04.018.

C. Grosjean, P. Herrera Miranda, M.
Perrin, and P. Poggi, “Assessment of
world  lithium resources and
consequences of their geographic
distribution on the expected
development of the electric vehicle
industry,” Renew, Sustain. Energy Rev.,
vol. 16, no. 3, pp. 1735-1744, 2012,
doi: 10.1016/j.rser.2011.11.023.

W.-Q. Chen and T. E. Graedel, “In-use
product stocks link manufactured
capital to natural capital.,” Proc. Natl
Acad. Sci. U. S. A., vol. 112, no. 20, pp.
6265-70, 2015, doi:
10.1073/pnas.1406866112.

Z. Wen, C. Zhang, X. Ji, and Y. Xue,
“Urban Mining’s Potential to Relieve
China’s Coming Resource Crisis,” J.
Ind. Ecol., vol. 19, no. 6, pp. 1091-
1102, 2015, doi: 10.1111/jiec.12271.

J. Li, “Wastes could be resources and
cities could be mines,” Waste Manag.
Res., vol. 33, no. 4, pp. 301-302, 2015,
doi: 10.1177/0734242X15581268.

X. Zhang, Y. Xie, X. Lin, H. Li, and H.
Cao, “An overview on the processes
and technologies for recycling
cathodic active materials from spent
lithium-ion batteries,” J. Mater. Cycles
Waste Manag., vol. 15, no. 4, pp. 420-

Volume 1 No. 1 Desember 2021 Online @http://jurnal.uns.ac.id/esta 42



Apriliyani, et. al, 2021, Li-ion Batteries Waste Processing and Utilization Progress: A Review

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

430,2013, doi: 10.1007/s10163-013-
0140-y.

L. Li et al.,, “Recovery of metals from
spent lithium-ion batteries with
organic acids as leaching reagents
and environmental assessment,” J.
Power Sources, vol. 233, pp. 180-189,
2013, doi:
10.1016/j.jpowsour.2012.12.089.

G. Dorella and M. B. Mansur, “A study
of the separation of cobalt from spent
Li-ion battery residues,” J. Power
Sources, vol. 170, no. 1, pp. 210-215,
2007, doi:
10.1016/j.jpowsour.2007.04.025.

J. Li, P. Shi, Z. Wang, Y. Chen, and C. C.
Chang, “A combined recovery process
of metals in spent lithium-ion
batteries,” Chemosphere, vol. 77, no. 8,
pp. 1132-1136, 2009, doi:
10.1016/j.chemosphere.2009.08.040

MTI Corporation, “Safety Data Sheet -
Polyvinylidene fluoride (PVDF),” pp.
1-7,20009.

D. C.R. Espinosa, A. M. Bernardes, and
J. A. S. Ten??rio, “An overview on the
current processes for the recycling of
batteries,” J. Power Sources, vol. 135,
no. 1-2, pp. 311-319, 2004, doi:
10.1016/j.jpowsour.2004.03.083.

C. Lupi, M. Pasquali, and A. Dell’Era,
“Nickel and cobalt recycling from
lithium-ion batteries by
electrochemical processes,” Waste
Manag., vol. 25, no. 2 SPEC. ISS., pp.
215-220, 2005, doi:
10.1016/j.wasman.2004.12.012.

J. F. Paulino, N. G. Busnardo, and ]. C.
Afonso, “Recovery of valuable
elements from spent Li-batteries,” J.
Hazard. Mater., vol. 150, no. 3, pp.

843-849, 2008, doi:
10.1016/j.jhazmat.2007.10.048.
A.  For, “Li-ion  BATTERIES

RECYCLING The batteries end of life

”

0. A. Fouad, F. L. Farghaly, and M.

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Bahgat, “A novel approach for
synthesis of nanocrystalline 7?-
LiAlO2 from spent lithium-ion

batteries,” J. Anal. Appl. Pyrolysis, vol.
78, no. 1, pp. 65-69, 2007, doi:
10.1016/j.jaap.2006.04.002.

L. Sun and K. Qiu, “Vacuum pyrolysis
and hydrometallurgical process for
the recovery of valuable metals from
spent lithium-ion batteries,” J.
Hazard. Mater., vol. 194, pp. 378-384,
2011, doi:
10.1016/j.jhazmat.2011.07.114.

L. Li et al, “Ascorbic-acid-assisted
recovery of cobalt and lithium from
spent Li-ion batteries,” J Power
Sources, vol. 218, pp. 21-27, 2012,
doi:
10.1016/j.jpowsour.2012.06.068.

J. Li, R. Zhao, X. He, and H. Liu,
“Preparation of LiCoO2 cathode
materials from spent lithium-ion
batteries,” Ionics (Kiel)., vol. 15, no. 1,
pp. 111-113, 2009, doi:
10.1007/s11581-008-0238-8.

L. Li et al, “Recovery of valuable
metals from spent lithium-ion
batteries by  ultrasonic-assisted
leaching process,” J. Power Sources,
vol. 262, pp. 380-385, 2014, doi:
10.1016/j.jpowsour.2014.04.013.

X. Zhou, W. Z. He, G. M. Li, X. ]. Zhang,
J. W. Huang, and S. G. Zhu, “Recycling
of electrode materials from spent
lithium-ion batteries,” 2010 4th Int.
Conf. Bioinforma. Biomed. Eng. iCBBE

2010, pp. 10-13, 2010, doi:
10.1109/1CBBE.2010.5518015.
X. Chen and T. Zhou,

“Hydrometallurgical process for the
recovery of metal values from spent
lithium-ion batteries in citric acid
media,” Waste Manag. Res., vol. 32
(11), no. 11, pp. 1083-1093, 2014,
doi: 10.1177/0734242X14557380.

J. Ordofiez, E. J. Gago, and A. Girard,
“Processes and technologies for the
recycling and recovery of spent
lithium-ion batteries,” Renew. Sustain.

Volume 1 No. 1 Desember 2021 Online @http://jurnal.uns.ac.id/esta 43



Apriliyani, et. al, 2021, Li-ion Batteries Waste Processing and Utilization Progress: A Review

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Energy Rev., vol. 60, pp. 195-205,
2016, doi:
10.1016/j.rser.2015.12.363.

D. P. Mantuano, G. Dorella, R. Cristina,
A. Elias, and M. B. Mansur, “Analysis of
a hydrometallurgical route to recover
base metals from spent rechargeable
batteries by liquid - liquid extraction
with Cyanex 272,” vol. 159, pp. 1510-
1518, 2006, doi:
10.1016/j.jpowsour.2005.12.056.

L. C. Tsai, F. C. Tsai, N. Ma, and C. M.
Shu, “Hydrometallurgical Process for
Recovery of Lithium and Cobalt from
Spent Lithium-lon Secondary
Batteries,” Adv. Mater. Res., vol. 113-
116, no. 2010, pp. 1688-1692, 2010,
doi:
10.4028/www.scientific.net/AMR.11
3-116.1688.

G. L. Yender, “Battery recycling
technology & collection processes,”
IEEE Int. Symp. Electron. Environ., pp.
30-35, 1998, doi:
10.1109/ISEE.1998.675026.

C. K. Lee and K. I. Rhee, “Preparation
of LiCoO2 from spent lithium-ion
batteries,” J. Power Sources, vol. 109,
no. 1, pp. 17-21, 2002, doi:
10.1016/S0378-7753(02)00037-X.

D.S.Kim, ]. S. Sohn, C. K. Lee, . H. Lee,
K.S. Han, and Y. Il Lee, “Simultaneous
separation and renovation of lithium
cobalt oxide from the cathode of
spent lithium ion rechargeable
batteries,” J. Power Sources, vol. 132,
no. 1-2, pp. 145-149, 2004, doi:
10.1016/j.jpowsour.2003.09.046.

J. Kang, G. Senanayake, ]. Sohn, and S.
M. Shin, “Recovery of cobalt sulfate
from spent lithium ion batteries by
reductive leaching and solvent
extraction with Cyanex 272
Hydrometallurgy, vol. 100, no. 3-4, pp.
168-171, 2010, doi:
10.1016/j.hydromet.2009.10.010.

L. Li, ]. Ge, F. Wu, R. Chen, S. Chen, and
B. Wu, “Recovery of cobalt and
lithium from spent lithium ion

[42]

[43]

[44]

[45]

[46]

[47]

[48]

batteries using organic citric acid as
leachant,” J. Hazard. Mater., vol. 176,
no. 1-3, pp. 288-293, 2010, doi:
10.1016/j.jhazmat.2009.11.026.

L. Sun and K. Qiu, “Organic oxalate as
leachant and precipitant for the
recovery of valuable metals from
spent lithium-ion batteries,” Waste
Manag., vol. 32, no. 8, pp. 1575-1582,
2012, doi:
10.1016/j.wasman.2012.03.027.

A. A. Nayl, R. A. Elkhashab, S. M.
Badawy, and M. A. El-Khateeb, “Acid
leaching of mixed spent Li-ion
batteries,” Arab. J. Chem., vol. 10, pp.
S3632-S3639, 2017, doi:
10.1016/j.arabjc.2014.04.001.

X. Zeng, ]J. Li, and B. Shen, “Novel
approach to recover cobalt and
lithium from spent lithium-ion
battery using oxalic acid,” J. Hazard.
Mater., vol. 295, pp. 112-118, 2015,
doi: 10.1016/j.jhazmat.2015.02.064.

M. Joulié, R. Laucournet, and E. Billy,
“Hydrometallurgical process for the
recovery of high value metals from
spent lithium nickel cobalt aluminum
oxide based lithium-ion batteries,” J.
Power Sources, vol. 247, pp. 551-555,
2014, doi:
10.1016/j.jpowsour.2013.08.128.

D. A. Bertuol, C. M. Machado, M. L.
Silva, C. O. Calgaro, G. L. Dotto, and E.
H. Tanabe, “Recovery of cobalt from
spent lithium-ion batteries using
supercritical carbon dioxide
extraction,” Waste Manag., vol. 51, pp.
245-251, 2016, doi:
10.1016/j.wasman.2016.03.009.

Y. Guo, F. Li, H. Zhu, G. Lj, ]. Huang, and
W. He, “Leaching lithium from the
anode electrode materials of spent
lithium-ion batteries by hydrochloric
acid (HCI1),” Waste Manag., vol. 51, pp.
227-233, 2016, doi:
10.1016/j.wasman.2015.11.036.

S. W. Rohwerder T, Gehrke T, Kinzler
K, “Bioleaching review part A:
progress in bioleaching:

Volume 1 No. 1 Desember 2021 Online @http://jurnal.uns.ac.id/esta 44



Apriliyani, et. al, 2021, Li-ion Batteries Waste Processing and Utilization Progress: A Review

[49]

[50]

[51]

[52]

[53]

[54]

[55]

fundamentals and mechanisms of
bacterial metal sulfide oxidation,” Res.
J. Biotechnol., vol. 68, pp. 239-248,
2003, doi: 10.1007/s00253-003-
1448-7.

D. Mishra, D. J. Kim, D. E. Ralph, J. G.
Ahn, and Y. H. Rhee, “Bioleaching of
metals from spent lithium ion
secondary batteries using
Acidithiobacillus ferrooxidans,”
Waste Manag., vol. 28, no. 2, pp. 333-
338, 2008, doi:
10.1016/j.wasman.2007.01.010.

B. Xin et al.,, “Bioleaching mechanism
of Co and Li from spent lithium-ion
battery by the mixed culture of
acidophilic sulfur-oxidizing and iron-

oxidizing bacteria,” Bioresour.
Technol., vol. 100, no. 24, pp. 6163-
6169, 2009, doi:

10.1016/j.biortech.2009.06.086.

K. Yoo, S. M. Shin, D. H. Yang, and J. S.
Sohn, “Biological treatment of
wastewater produced during
recycling of spent lithium primary
battery,” Miner. Eng., vol. 23, no. 3, pp.
219-224, 2010, doi:
10.1016/j.mineng.2009.11.011.

N. B. Horeh, S. M. Mousavi, and S. A.
Shojaosadati, “Bioleaching of valuable
metals from spent lithium-ion mobile
phone batteries using Aspergillus
Niger,” J. Power Sources, vol. 320, pp.
257-266, 2016, doi:
10.1016/j.jpowsour.2016.04.104.

M. E. Escudero, F. Gonzilez, M. L.
Blazquez, A. Ballester, and C. Gomez,
“The catalytic effect of some cations
on the biological leaching of a Spanish
complex sulphide,” Hydrometallurgy,
vol. 34, no. 2, pp. 151-169, 1993, doi:
10.1016/0304-386X(93)90032-9.

A. Ballester, F. Gonzalez, M. L.
Blazquez, C. Gémez, and ]. L. Mier,
“The use of catalytic ions in
bioleaching,” Hydrometallurgy, vol.
29, no. 1-3, pp. 145-160, 1992, doi:
10.1016/0304-386X(92)90010-W.

J. L. Mier, A. Ballester, M. L. Blazquez,

[56]

[57]

[58]

[59]

[60]

[61]

[62]

F. Gonzalez, and |]. A. Muifioz,
“Influence of metallic ions in the
bioleaching of chalcopyrite by
Sulfolobus BC: Experiments using
pneumatically stirred reactors and
massive samples,” Miner. Eng., vol. 8,
no. 9, pp.- 949-965, 1995, doi:
10.1016/0892-6875(95)00059-Y.

J. A. Mufoz, D. B. Dreisinger, W. C.
Cooper, and S. K. Young, “Silver-
catalyzed bioleaching of low-grade
copper ores.” Hydrometallurgy, vol.
88, no. 1-4, pp. 3-18, 2007, doi:
10.1016/j.hydromet.2007.04.004.

J. A. Mufoz, D. B. Dreisinger, W. C.
Cooper, and S. K. Young, “Silver-
catalyzed bioleaching of low-grade
copper ores. Part II: Stirred tank
tests,” Hydrometallurgy, vol. 88,no. 1-
4,  pp. 19-34, 2007, doi:
10.1016/j.hydromet.2007.01.007.

J. A. Mufoz, D. B. Dreisinger, W. C.
Cooper, and S. K. Young, “Silver
catalyzed bioleaching of low-grade
copper ores. Part IIl: Column
reactors,” Hydrometallurgy, vol. 88,
no. 1-4, pp. 35-51, 2007, doi:
10.1016/j.hydromet.2007.04.003.

P. Guo, G. Zhang, ]. Cao, Y. Li, Z. Fang,
and C. Yang, “Catalytic effect of Ag+
and Cu2+ on leaching realgar
(As2S2),” Hydrometallurgy, vol. 106,
no. 1-2, pp. 99-103, 2011, doi:
10.1016/j.hydromet.2010.12.006.

H. Yuehua, Q. Guanzhou, W. Jun, and
W. Dianzuo, “The effect of silver-
bearing catalysts on bioleaching of
chalcopyrite,” Hydrometallurgy, vol.
64, no. 2, pp. 81-88, 2002, doi:
10.1016/S0304-386X(02)00015-4.

F. Carranza, 1. Palencia, and R.
Romero, “Silver catalyzed IBES
process: application to a Spanish
copper-zinc sulphide concentrate,”
Hydrometallurgy, vol. 44, no. 1-2, pp.
29-42, 1997, doi: 10.1016/S0304-
386X(96)00028-X.

G. Zeng, X. Deng, S. Luo, X. Luo, and J.
Zou, “A copper-catalyzed bioleaching

Volume 1 No. 1 Desember 2021 Online @http://jurnal.uns.ac.id/esta 45



Apriliyani, et. al, 2021, Li-ion Batteries Waste Processing and Utilization Progress: A Review

[63]

[64]

[65]

[66]

[67]

[68]

process for enhancement of cobalt
dissolution from spent lithium-ion
batteries,” J. Hazard. Mater., vol. 199-
200, pp- 164-169, 2012, doi:
10.1016/j.jhazmat.2011.10.063.

P. Zhang, T. Yokoyama, O. Itabashi, Y.
Wakui, T. M. Suzuki, and K. Inoue,
“Hydrometallurgical Process for
Recovery of Metal Values from Spent
Nickel-Metal Hydride Secondary
Batteries,” Hydrometallurgy, vol. 50,
no. 1, pp. 61-75, 1998, doi:
10.1016/S0304-386X(98)00046-2.

B.Swain, J.Jeong, ]. chun Lee, G. H. Lee,
and J. S. Sohn, “Hydrometallurgical
process for recovery of cobalt from
waste cathodic active material
generated during manufacturing of
lithium ion batteries,” ] Power
Sources, vol. 167, no. 2, pp. 536-544,
2007, doi:
10.1016/j.jpowsour.2007.02.046.

A. A. Nayl, M. M. Hamed, and S. E. Rizk,
“Selective extraction and separation
of metal values from leach liquor of
mixed spent Li-ion batteries,” J.
Taiwan Inst. Chem. Eng., vol. 55, pp.
119-125, 2015, doi:
10.1016/j.jtice.2015.04.006.

X. Chen, Y. Chen, T. Zhou, D. Liu, H. Huy,
and S. Fan, “Hydrometallurgical
recovery of metal values from sulfuric
acid leaching liquor of spent lithium-
ion batteries,” Waste Manag., vol. 38,
no. 1, pp. 349-356, 2015, doi:
10.1016/j.wasman.2014.12.023.

F.F. Ou X, Sun X, Zhao Q, “Progress in
recovery technology of waste lithium-
ion battery,” J. Inorg. Chem. Ind., vol.
37,no0.9, 2005.

S.G. Zhu, W. Z. He, G. M. Lj, X. Zhou, X.
J. Zhang, and ]. W. Huang, “Recovery of
Co and Li from spent lithium-ion
batteries by combination method of
acid leaching and  chemical
precipitation,” Trans. Nonferrous Met.
Soc. China (English Ed., vol. 22, no. 9,
pp- 2274-2281, 2012, doi:
10.1016/S1003-6326(11)61460-X.

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

J. Myoung, Y. Jung, ]. Lee, and Y. Tak,
“Cobalt oxide preparation from waste
LiCoO 2 by electrochemical -
hydrothermal method,” ] Power
Sources, vol. 112, pp. 639-642, 2002.

M. B. ]. G. Freitas and E. M. Garcia,
“Electrochemical recycling of cobalt
from cathodes of spent lithium-ion
batteries,” J. Power Sources, vol. 171,
no. 2, pp. 953-959, 2007, doi:
10.1016/j.jpowsour.2007.07.002.

J]. Kang, J. Sohn, H. Chang, G.
Senanayake, and S. M. Shin,
“Preparation of cobalt oxide from
concentrated cathode material of
spent lithium ion batteries by
hydrometallurgical method,” Adv.
Powder Technol, vol. 21, no. 2, pp.

175-179, 2010, doi:
10.1016/j.apt.2009.10.015.
B. Bergman and A. Lundblad,

“Synthesis of LiCoO , starting from
carbonate precursors conditions and
leaching II . Influence of calcination,”
vol. 96, pp. 183-193, 1997.

P. Taylor, ]. Sohn, S. Shin, D. Yang, S.
Kim, and K. Lee, “Comparison of Two
Acidic Leaching Processes for
Selecting the Effective Recycle
Process of Spent Lithium ion Battery,”
no. October 2014, pp. 37-41, doi:
10.1080/12269328.2006.10541246.

L. Li, R. Chen, F. Sun, F. Wy, and ]. Liu,
“Preparation of LiCoO2 films from
spent lithium-ion batteries by a
combined recycling process,”
Hydrometallurgy, vol. 108, no. 3-4, pp.
220-225, 2011, doi:
10.1016/j.hydromet.2011.04.013.

M. Lu, H. Zhang, B. Wang, X. Zheng,
and C. Dai, “The re-synthesis of
LiCoO2 from spent lithium ion
batteries separated by vacuum-
assisted heat-treating method,” Int. J.
Electrochem. Sci., vol. 8, no. 6, pp.
8201-8209, 2013.

Z.Zhang, W. He, G. Li, ]. Xia, H. Hu, and
J. Huang, “Renovation of
LiCoO<inf>2</inf> crystal structure

Volume 1 No. 1 Desember 2021 Online @http://jurnal.uns.ac.id/esta 46



Apriliyani, et. al, 2021, Li-ion Batteries Waste Processing and Utilization Progress: A Review

from spent lithium ion batteries by
ultrasonic hydrothermal reaction,”
Res. Chem. Intermed., vol. 41, no. 6, pp.
3367-3373, 2015, doi:
10.1007/s11164-013-1439-y.

[77] D. Bian et al, “A novel process to
recycle spent LiFePO4 for
synthesizing LiFeP04/C hierarchical
microflowers,” Electrochim. Acta, vol.
190, pp. 134-140, 2016, doi:
10.1016/j.electacta.2015.12.114.

[78] S. Zhu, Y. Qin, and ]. Zhang,
“Renovation of lithium cobalt oxide
from spent lithium ion batteries by an
aqueous pulsed discharge plasma,”
Int. J. Electrochem. Sci., vol. 11, no. 7,
pp- 6403-6411, 2016, doi:
10.20964/2016.07.103.

[79] N. H. Long Xu, Dawei Song, Jishun
Song, Xixi Shi, Xiaoqing Wang, Lianqi
Zhang, Zhihao Yuan, “LiCo0O2:
Recycling from spent batteries and
regeneration with solid state
synthesis,” R. Soc. Chem., 2014, doi:
10.1039/b000000x.

[80] X. Song et al, “Direct regeneration of
cathode materials from spent lithium
iron phosphate batteries using a solid
phase sintering method,” RSC Adv.,
vol. 7,no0. 8, pp.4783-4790, 2017, doi:
10.1039/C6RA27210]J.

Volume 1 No. 1 Desember 2021 Online @http://jurnal.uns.ac.id/esta



	Page 1
	Page 2

