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ABSTRACT 

 

Lithium ion batteries are currently the most popular power source for the 

enormous varieties of portable electronic and electrical devices worldwide. The 

volume of such batteries after the end of service life and the presence of critical 

compounds in them requires special attention at disposal. Effective and feasible 

recycling of lithium ion batteries is hence very crucial both environmentally and 

economically for our country.  

Waste laptop batteries (Type- Lithium ion) has been collected and manually 

dismantled in the current work. Active electrode materials were scraped off from 

the copper current collector and polyethylene separators. The aluminum current 

collectors were found to be severely damaged and attached with the electrode 

material. It was treated with NaOH later to be recovered as Al2O3. The leaching of 

LiCoO2 was done by 3M HCl aided by 5% H2O2 at 60°C from the scraped active 

electrode materials (LiCoO2 and graphite) leaving the graphite completely. Co was 

precipitated as hydroxide by the addition of NaOH and later converted to Co3O4. 

The remaining solution was treated with saturated Na2CO3 to acquire Li2CO3 as 

crystalline precipitate with high purity. The recovery of Co and Li was 99% and 

30%, respectively. Co3O4 and Li2CO3 were mixed in stoichiometric proportions and 

calcined at 950°C with air supply to achieve LiCoO2 successfully.  
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INTRODUCTION 
 

As information technology has rapidly advanced and the volume of electronic 

devices markedly surged, an increasing amount of obsolete electronic devices starts 

to pile up at almost every corner of the world at uneven rates. A wide, growing 

range of electronic devices, such as TV, refrigerators, hand-held cellular phones, 

and computers, are now also being known as electrical and electronic equipment 

(EEE) after the service life1 . The wastes generated from these obsolete electronic 

devices (E- Waste) or Waste from Electrical and Electronic Equipment (WEEE) in 

total can contain up to 1000 toxic substances, including lead, chromium, and 

plastic additives. Often rich in precious metals and other reusable materials such 

as plastics, e-waste has been perceived as a source of additional income by more 

and more peasants and unemployed laborers in Bangladesh. 

E-waste has become the fastest growing waste stream in Bangladesh. We are one of 

the highly e-waste generating countries in the world. According to UNEP2 

projections, an estimated 20-50 million tons of E-Waste are being generated 

annually in the world. While every year Bangladesh alone generates roughly 2.7 

million (or according to BEMMA 3.2 million) metric tons of e-waste3. Not only 

developed countries generate e-waste; Asia discards an estimated 12 million tons 

each year4. According to the UNEP study, the developed nations dump e-waste in 

“developing” Asian countries (India, Bangladesh, China and Pakistan) through 

legal/ illegal trade routes. Bangladesh dismantles nearly 60 per cent of the ships 

sent to scrap-yards across the globe. The country's ship breakers offer at least 20 

to 25 per cent more price than their competitors in India and Pakistan, making 

Bangladesh the preferred choice for the 'burial ground' of large and medium sized 

ships. Unfortunately the scrap ships are carrying large volume of toxic products 

and electrical & electronic waste. The ship breaking yards of the country alone 

produce 2.5 million metric tons of e-waste3. The rate of importing such products is 

increasing. Because Bangladesh accrues economic gains from accepting the e-

waste by virtue of: recovering valuable materials from disposed electronic products; 

putting into productive use working-order equipment; and at times, receiving 

payments from developed nations for accepting e-waste goods. 

Recycling of scrap and second hand goods and products is one of the profitable 

businesses in developing countries like Bangladesh where there is no or little 
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environmental regulation or worker health laws to protect the workers who actually 

attempt to extract valuable portions from used electronics. The recycling of 

electronic components is an extremely labor intensive process and Bangladesh is 

labor–abundant, rendering them with a comparative advantage in processing e-

waste products with respect to developed countries. Hence, it is natural for e-waste 

exports to flow from the developed countries to developing economies in view of 

pressure to export these items to cheap labor cost destinations. As a result, it costs 

approximately $20 to recycle a PC in the U.S (and other developed countries), while 

it costs $2 in Bangladesh (and other developing countries) due to factors such as 

prevailing low wages and lack of norms or safeguards for the unorganized sector in 

Bangladesh.  

Around 20 to 30 per cent of electrical goods are recycled in our country5 by the 

informal sector and the rest is released in to landfills, rivers, ponds, drains, lakes, 

channels and open spaces. Improper recycling and recovery methods can have 

major impacts on the environment. Crude forms of dismantling can often lead to 

toxic emissions, which pollute the environment and thereby also expose the 

workers to the harmful materials. E-waste has a direct and visible impact on 

people’s health, environment and livelihoods and is considered to be an 

unregulated domain. Recently preparation of Electrical and Electronic Waste 

(Management and Handling) Rules, 2011 has become the priority of the 

Government of Bangladesh. The government already prepared draft National 3R 

(Reduce, Reuse & Recycle) Strategy and in that draft e-waste issues were 

addressed. So the growing concerns over e-waste recycling techniques and feasible 

possibilities of recycling options in the country are emphasized justifiably.  

The target e-waste material of this research work is the waste rechargeable 

batteries, particularly the Lithium Ion Batteries (LIBs).  

 

1.1 Why is LIB a concern?  
 

LIBs find their use commonly in laptop computers, cellular phones, camera, 

rechargeable lights and numerous modern life appliances and very recently in rapid 

forecasted proportions, electric vehicles6.  
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Fig.1 shows a variety of different shapes of available LIBs in the consumer market. 

Around the world the consumption of LIBs are considerably high. For example in 

Europe around 5 billion units of batteries were produced in year 2000, and 6 

billion in Japan in year 2004 alone. The United Nations presented an estimated 

total production of 12.7 Billion mobile phones, 94.4 million laptop computers, and 

768.9 million digital cameras7. In the USA and Europe the annual consumption of 

batteries is estimated to be 8 billion units8. Clearly equal number of LIBs is to be 

handled after their lifetime. The scenario of a developing country like Bangladesh is 

a little different. Along with the quality brand products there are abundant 

refurbished Chinese, local and other low endurance products in the appliance 

market. As a result such products are bought frequently, changed frequently and 

the volume of e-waste rises rapidly. Estimated 58,360,0009 domestic mobile phone 

subscribers were present in mid 2010. It is safely assumed that at least two thirds 

of the owners are discarding their old phones by next year. This gives us an 

overwhelming 38,910,000 units of waste LIB for the year 2011 only. 

Approaximately 10,504 metric tons of e-waste have been generated from just 

mobile phones within the last 21 years3; of which a massive portion is the LIBs.  

The typical composition of LIB10 is 27.5% LiCoO2, 24.5% Steel/Ni, 14.5% Cu/Al, 

16% Carbon, 3.5% electrolyte and 14% polymer. Taking the mass of a single 

battery assembly about 350 gm gives us almost 96.25 gm LiCoO2, 85.75 gm 

Steel/Ni, 50.75 gm Cu/Al, 56 gm Carbon, 12.25 gm electrolyte and 49 gm polymer 

lying as waste in the dumps. The use of Cobalt in LIBs has grown from 700 to 1200 

ton per year during the year 1995- 2005 which is around 25% of the global 

Figure 1: Common LIBs 
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demand. The other important metal lithium has a current demand of 110000 ton 

per year and is expected to grow three folds in ten years11. Some metals in LIBs 

could be normally found at very high concentrations levels, even higher than those 

found in processing concentrates of natural ores or natural ores themselves12. For a 

country like ours where there is no mines of metal ore or any other feasible mineral 

source, the e-wastes are lying as virtual man made mines of valuable metals. A 

proven way to extract metals might actually open the possibilities to relevant 

domestic industries.  

Generally, the battery can be divided for primary battery and rechargeable battery, 

mainly including dry cell, lead-acid batteries, nickel-cadmium (Ni-Cd) batteries, 

nickel-metal hydride (NiMH) batteries, and lithium batteries. Compared to other 

rechargeable batteries (fig. 2), some lithium batteries have a higher energy density 

(~120 Wh/kg), higher cell voltage (3 times that of Ni-MH), less memory effect, low 

self discharge, large temperature range (-20 to +60°C), very good cycle life (500- 

1000 cycles), and are environmentally sound as well as simple to charge and 

maintain13. 

 

Figure 2: Advantages of LIB14 

However there are some issues which need to be addressed before they are 

accepted as large (vehicle scale) batteries. Some of the issues are noted as15 

relatively need for a protection circuit to avoid overcharge and discharge and 

excessive temperature rise, degradation at high temperatures , lower power than 

Ni–Cd or Ni–MH at low temperatures. However, it is to be stressed that some of the 

above drawbacks are being progressively reduced with continuous study16 and 

enhanced battery engineering. 

Thus, since the 1990s, various lithium batteries, including primary lithium battery 

and secondary rechargeable lithium ion battery (LIB), have been widely used. In 

2003 the primary lithium batteries and lithium ion secondary rechargeable 
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batteries (LIBs) represent about 28% of the rechargeable battery world market17 . 

The important difference between primary and secondary lithium batteries is that 

the former uses metallic lithium as cathode and contain no toxic metals; however 

there is a possibility of fire if metallic lithium is exposed to moisture while the cells 

are corroding. Lithium ion secondary rechargeable batteries on the other hand do 

not contain any metallic lithium and are relatively safe.  

LiCoO2 as cathode material was discovered by the research group of Goodenough in 

1980 at Oxford University18, which established a rechargeable cell within the 4V 

range. They used LiCoO2 as cathode and lithium metal as anode material. In 1991 

Sony Corporation introduced LIBs to the market19  which ever since replaced the Ni-

Cd and Ni-MH batteries from the industry.  

 

1.2 Geopolitical impacts of LIB recycling 
 

Even though electronic appliances are currently the major consumers of LIB, the 

global trend of LIB consumption is moving greatly towards the electric and hybrid 

vehicles with the uprising of the value of petroleum products (fig.3).  

 

Figure 3: LIB demand in Electric Vehicles20 

 

1 million e-cars = 50 000 ton batteries 
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As fig. 4 and fig. 5 may suggest, much of the raw materials are concentrated in a 

handful of countries. To initiate LIB manufacturing and to minimize import 

dependency, LIB recycling is extensively crucial. Reportedly many European 

enterprises have nearly exhausted their mines and are greatly emphasizing on 

electronic waste recycling.   

 

Figure 4: World Cobalt sources, source: Dartan commodities 

 

Figure 5: Geopolitical scenario of global Lithium resource21 

Table 1 emphasizes on the cumulative demand and availability of metallic elements 

commonly used in LIBs. The increasing use of such natural sources will very soon 

deplete the global reserve, and recycling could be the only alternative. 
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Table 1: Demand scenario of other metals present in the Li-ion battery21 

 

 

1.3 Economic impacts of LIB recycling 
 

There are three viable options for handling post- application lithium-ion batteries: 

remanufacturing, repurposing, and recycling. Currently, information is most 

available concerning the Chevrolet Volt battery. The cost of manufacturing a new 

Chevrolet Volt battery is estimated to be $10,00022.  

A report by Argonne National Laboratory Center for Transportation provides a 

percentage breakdown for manufacturing cost of an EV battery: 80% material, 10% 

labor, with the remaining 10% being overhead, which includes the research and 

development cost required to create post-vehicle-application reprocessing 

systems23. Avoided storage of post-vehicle-application lithium-ion batteries is a 

benefit. 

 

REMANUFACTURING  

One way to potentially lower vehicle battery costs is to use remanufactured instead 

of new batteries. Haruna et al.24 discussed some advanced techniques in this 

regard. Remanufacturing has to do with replacing cells within a battery that can no 

longer hold sufficient charge to meet the standards for use in a vehicle. 

Remanufacturing involves partial disassembly of the battery, removal of 

substandard cells, replacement of these cells, and reassembly of the battery. 
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Currently, there is no large-scale remanufacturing of post-vehicle-application 

lithium-ion batteries.  

  

REPURPOSING  

Repurposing post-vehicle-application lithium-ion batteries provides a second way 

to extend useful life and thus lower the overall cost of the battery. Repurposing is a 

relatively new idea that currently appears most useful for stationary storage 

applications. Repurposing requires dismantling batteries into cells and 

reassembling cells into a different configuration than for the vehicle application, as 

well as developing the control system, both hardware and software, for the new 

application. Each configuration may require a specifically designed battery case. 

Thus, each repurposing application appears to be unique, requiring its own design, 

development, and manufacturing activities.  

Gaines and Cuenca23 estimated that research and development costs could range 

from $50/ kWh to $150/kWh and that a successful storage system built from 

repurposed lithium-ion batteries could be sold for $50/kWh to $150/kWh.  

 

RECYCLING  

Eventually, each cell in every battery will be unable to support any application and 

thus must be recycled. Recycling involves disassembling a cell into its components 

and properly disposing of each component. Jody et al. estimate that with increased 

technological breakthroughs recycling could yield up to 20% recovery of battery 

cost25. Kumar takes the position that recycling is necessary to ensure an adequate 

supply of lithium26. It should be noted that there are non-monetary benefits of 

lithium-ion battery recycling when environmentalism and sustainability are also 

taken into consideration. This would include developing closed-loop supply chains 

in which the materials recovered by recycling would be returned to the battery 

manufacturing process. Table 2 summarizes the different constituents commonly 

available in LIBs and their amount reported in various studies. 
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Table 2: Composition of typical spent LIB (%) 

Source Co Li Cu Al Fe Ni Organics Plastics 

Li et al. 27 16 2 10 3 19 — — — 

Shin et al. 28 5–20 5–7 — — — 5–10 15 7 

Dorella and 

Mansur12 

29.49 3.14 16.48 8.02 — 0.02 — — 

Lee and Rhee17 27.5 14.5 24.5 14 —    

 

The benefits of recycling come from two areas: the recoverable commodities 

extracted from the battery during the actual recycling process and the avoided 

costs for storing post-vehicle-application units. Extractable materials fall into four 

categories: cobalt, lithium salts, aluminum, and other (steel, plastic, paper and 

miscellaneous metals). Fig. 6 visualizes the valuables demography adopted by UBR. 

 

 

Figure 6: Valuables demography of LIB29 

 

Lithium-ion is a nonrenewable ore that is highly priced at its purest form at a fall 

2012 commodity price of nearly $50/pound. The lithium used in an electric 

application is not the pure form of lithium; instead it undergoes a series of 
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chemical processes that turn it into one member of the family of lithium salts. Yet 

there is growing speculation that lithium supplies could soon become exhausted, 

especially with ever increasing demand for technologies that require the metal. If 

that happens, the commodity price for not only pure lithium but lithium salts could 

soar. Fig. 7 depicts how the forecasted net virgin materials needed, will decline with 

accelerated recycling of LIBs in future years. 

 

 

Figure 7: Advantages of LIB recycling 

 

Gaines and Nelson estimate that as lithium supplies approach a point of shortage, 

lithium prices could increase by 10 times its current value21. Further, they state 

that if lithium supplies become critically low, prices would increase by 20 times 

their current value. It is assumed that under these conditions the price of lithium 

salts would increase by the same proportion. This seems reasonable, as lithium 

salts were traded at $5/kg in fall 2012, which is almost equal to the price of pure 

lithium. In a later paper, the same authors argue that the latter is not likely to 

occur. 
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1.4 Environmental Impacts of LIB Recycling: 
 

The environmental aspects of LIB recycling being certainly similar to any recycling 

circumstances regarding e-wastes are cognitively visualized as the depletion of 

primary resources, energy and carbon footprint involved in the production of 

finished goods from virgin raw materials and the toxicities derived from the 

dumping and improper disposal of such wastes. In all regards, recycling of LIBs is 

proven impactful. Even though there is still amicable reserve of Li and considerable 

amount of heavier elements like Cobalt or Nickel yet, global research leaders find it 

better to be prepared.  

The absence of industrial recycling of such resources would mean, considerable 

amounts of energy is consumed and carbon footprints are involved to acquire virgin 

raw materials and manufacturing LIBs from them. Amusing as it may sound, some 

of the elemental compositions in waste materials are in fact higher than their 

primary resources, i.e. mineral ores. 

A battery recycling company20 reported that their preliminary research shows 

recycling scenario result in a 51.3% natural resource savings, not only because of 

de-creased mineral ore dependency but also because of reduced use of fossil 

resource (45.3% reduction) and nuclear energy demand (57.2%).  

Land filling /dumping batteries is a waste of the metals, also the electrolytes might 

be harmful for earth. The European battery directive30 has not made a recycling 

suggestion specifically for Li-ion batteries yet but it might be in order very soon 

judging by the introduction of electric cars in to the market and EU’s 

environmentally responsible directives. The present battery directive suggests that 

the manufacturers should be responsible for recycling. The recovery process has 

also shown to considerably reduce the release of green-house gas by replacing 

recovered metals instead of mineral mining operations for the production of new 

batteries (fig. 8).   

The informal recycling and dampening of LIBs incorporates the hazards of toxic 

effluents, heavy metal deposition and particularly, Lithium explosion. Effects could 

be more severe where such electronic wastes are far more concentrated by 

geopolitical reason, a country like Bangladesh for example.  
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The battery directive28 is a comprehensive agreement which puts forth a number of 

regulations for the member states for the purpose of ensuring better recycling of 

batteries and to eliminate any form of environmental pollution by producers, 

distributors, third party and end users due to the carelessness or due to lack of 

information, or regulations. The present directive quotes that the recycling of the 

batteries for hazardous substances is a must and is the responsibility of the 

producer, distributor and economic operators.  

 

Figure 8: Preliminary recycling results indicate: (a) large energy conservation (b) Greenhouse-gas 
Emission reduction - with battery industry sustained by recycling. 

 

1.5 Social Impacts of LIB Recycling: 
 

Given that, the access of LIBs is worldwide, recycling of LIBs creates employment 

opportunities to the rest of the countries where primary raw materials and 

manufacturing industries are absent. Also the pollution control and environmental 

preservation would improve the level of living of the earth’s inhabitants.  

 

1.6 Objectives of the Current Work: 
 

The current work is focused on the effective reclamation of Lithium and cobalt 

compounds to be used as recycled active cathode materials.  



15 
 

The specific aims being-  

i. efficient reclamation of Lithium and Cobalt salts from waste 

LIB 

ii. formation of LiCoO2 to be reused as active electrode material  

iii. to reduce pollution from hazardous electronic waste (Li-ion 

battery) 

The possible outcomes are 

i. formation of LiCoO2 active cathode materials from Lithium and 

Cobalt salts 

ii. decisive indication of the usability of recycled LiCoO2 

iii. development of a process to reclaim valuable metals from 

wastes as well as pollution control 
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CHAPTER 2 
LITERATURE REVIEW 
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LITERATURE REVIEW 
 

2.1 Structure of A LIB 
 

The conventional designs of the battery are such as the ones shown in fig. 9.   

 

Figure 9: Construction of different LIB31 

Stacked cells are held together by pressure from the cell container. The lithium-ion 

gel polymer stacked cells are prepared by bonding/laminating layers of electrodes 

and separators together. The separator properties should not change significantly 

during the bonding process. In some cases, the separators are coated to help in 

bonding process, thus reducing the interfacial resistance. The spirally wound cells 

are made by winding two layers of separators tightly along with the cathode and 

anode layers, resulting in a cathode/separator/ anode/separator configuration 

(also called jelly roll). Once wound, the jellyroll is inserted into a can, and filled with 

electrolyte. A header is then crimped into the cell to cover the can from top. In 

some prismatic cells, the jellyroll is pressed at high temperature and pressure and 

then inserted into thin prismatic (rectangular) mantels32. It has been shown33 that 

the cell-specific energy and energy density are affected significantly by the cell 

geometric shape, the material of the can, the cell discharge voltage, the cell 

temperature, and the cycle number. The geometric difference between the 

cylindrical and prismatic cells has shown to have caused the prismatic cells to 

perform much as 9%better in cycling tests and with a 12% difference in the cell 

energy density, even though the total volume of prismatic cell was 2%larger among 

the tested samples. Unlike conventional batteries, the LIB does not use a redox 
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reaction to generate electricity. Instead, lithium ions shuttle back and forth 

between the anode and cathode, forcing electrons to move with them34. From a 

functional view, an LIB cell is predominantly composed of cathode, anode, 

electrolyte, and separator. In addition to these essentials the usable battery also 

has a protective metal casing, covering plastic and an electronic control unit. 

2.1.1 Anode  
 

Though promising research is being reported on various lithium alloys, tin based 

composites, glasses, at present carbon in various forms (graphite, hard carbon and 

microspheres) is the most commonly used anode-active material.  

  

Figure 10: Structure of graphite and LiC635 

Graphite or highly oriented pyrolytic graphite (HOPG), fig. 10, is built of ABAB 

layers, which is held together by van der Waals forces. Each layer contains a 

conjugated sp2 bond. When Li-ions move into these layers, this layer arrangement 

changes to AAA2− this arrangement is reversible, allowing to and fro movement of 

the lithium-ion.  

Thus, graphite serves as the host structure for lithium intercalation and the 

structure is studied to be resilient enough to provide reversibility by allowing easy 

insertion and de-insertion of lithium. In practice, at room temperature, graphite 

accepts sufficient lithium to form which on reversal of Li-ion movement can deliver. 

Lithium charge capacity and cyclic efficiency depends strongly on the cross 

sectional structure of the fibers, such as onion, radial and random structures.  

Thus the new generation anodes use carbon fibers subject to different heat 

treatment processes for better structural incorporations. In particular, mesophase 

pitch-based carbon fibres (MPCFs), exhibit a high degree of anisotropy with regard 

to mechanical, electrical, magnetic, thermal as well as chemical properties. These 
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anisotropies are directly related to the layered structure with strong interlayer 

interactions and very weak van der Waals interplanar interactions between 

adjacent graphene sheets aligned parallel to the fibre axis16.  

A new electrolyte system has been developed, in which it is reported that the use of 

an anode has been avoided completely in the FORTU battery, which is a metal-free 

system, in which lithium is produced within the battery on charging from the 

cathode system that uses lithium cobalt oxide. This uses the standard lithium 

cobalt oxide cathode material, but the electrolyte is liquid sulphur dioxide with 

lithium tetra-chloraluminate (LiAlCl4) as the electrolyte salt. This solution has a 

freezing point below −80°C and conductivity at room temperature of about 10 times 

that of organic electrolytes. Hence, this system has high power capability.  

 

2.1.2  Cathode  
 

As mentioned36, the requirements for a material to be successfully used as a 

cathode in Li-ion batteries are: It should be readily reducible/oxidizeable ion, for 

example a transition metal, should react with lithium in a reversible manner. This 

necessitates an intercalation-type reaction in which the host structure essentially 

does not change as lithium is added. It should have a high free energy of reaction 

with lithium, high capacity, voltage (around 4V). It should also be a good electronic 

conductor; hence generally a metal is preferred. Its toxicity should be fairly low and 

its cost should be low.  

Almost all of the research and commercialization of cathode materials has centered 

on two classes of materials. The first contains layered compounds with an anion 

close-packed or almost close-packed lattice in which alternate layers between the 

anion sheets are occupied by a redox active transition metal and lithium then 

inserts itself into the essentially empty remaining layers as shown in fig. 11.  

The first kinds of Li-ion batteries were made using LiTiS237 as cathode material, 

followed by LiCoO2, LiNi1-yCoyO2, and LiNiyMnyCo1-2yO2. The spinels, fig. 11.b, may 

be considered as a special case where the transition-metal cat-ions are ordered in 

all the layers38. The materials in the second group have more open structures, like 

many of the vanadium oxides, fig. 11.c, the tunnel compounds of manganese 

dioxide, and most recently the transition-metal phosphates, such as the olivine 
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LiFePO4, fig. 11.d. The first group, because of their more compact lattices, will have 

an advantage in energy stored per unit of volume, while the second group 

compounds such as LiFePO4, are of much lower cost. Some of the preferred 

chemistries are discussed below.  

 

Figure 11: (a) Layered structure of (first kind of Lithium-compounds) for ex: LiTiS2, LiVSe2, LiCoO2, 

LiNiO2 ; (b) three dimensional spinel structure; (c) structure of V2O5 showing the square pyramids 

sharing edges of the basal planes; (d) Crystal structure of LiFePO4 36 

LiCoO2  

One of the most popular cathode materials for lithium-ion battery is lithium cobalt 

oxide. LiCoO2 forms the α-NaFeO2 structure, a distorted rock-salt structure where 

the cations order in alternating (1 1 1) planes. This ordering results in a trigonal 

structure, the planes through which lithiation (intercalation of Li-ion) and de-

lithiation (de-intercalation) can occur, fig. 11.a.  

One of the drawbacks however is that, Cobalt is more costly than other transition 

metals such as manganese, nickel and iron. Other problems with LiCoO2; is that it 

is not as stable as other potential electrode materials and can undergo performance 

degradation or failure when overcharged. Several reasons have been given for the 
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degradation during cycling. One is that cobalt is dissolved in the electrolyte when 

the electrode is delithiated during charging, such that less lithium can be 

intercalated during discharge. Another is that the CoO2 layer formed after full 

delithiation shears from the electrode surface, which also results in less capacity 

for lithium intercalation. In addition, there is a sharp change in lattice parameter 

with change in lithium content, which can lead to stresses and micro-cracking of 

the cathode particles.  

LiNiO2  

LiNiO238 has the same structure as of LiCoO2, but is cheaper and has a higher 

energy density (15% higher by volume, 20% higher by weight), but is less stable 

and less ordered, as compared to LiCoO2. The lower degree of ordering results in 

nickel ions occupying sites in the lithium plane, which impedes 

lithiation/delithiation and also creates challenges in obtaining the appropriate 

composition. . Its structure is very unstable in the overcharge state and it is 

difficult to make a perfect structure at industrial scale. The addition of cobalt to 

LiNO2 increases the degree of ordering, which leads to nickel ions occupying sites 

in the nickel/cobalt plane rather than in the lithium plane. Thus, LiNi1−x CoxO2, 

typically containing mainly nickel (x∼0.8), has been used to take advantage of the 

low cost and higher capacity of nickel relative to cobalt.  

Li2Mn2O4  

Manganese oxides are among the most popular cathode materials in primary 

lithium batteries due to abundance of manganese; low cost, favorable charge 

density, rather high electronic conductivity, better stability on overcharge and 

suitable electrode potential. Three-dimensional framework structures of LiMn2O4 or 

the spinel structures have cross-linked channels allowing ion insertion, fig. 11.b. 

The size of the channels must be sufficiently large to accommodate the ions. The 

advantages of three-dimensional frameworks over two-dimensional layered 

structures like LiCoO2 are: the possibility of avoiding the co-insertion of bulky 

species such as solvent molecules, the smaller degree of expansion/contraction of 

the framework structure upon lithium insertion / de-insertion. The spinel structure 

is the reason this is a more commonly used chemistry for larger batteries. However, 

compared to the others it suffers from a smaller energy density and a lower 

chemical stability, inducing a shorter life especially at high temperature36.  
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LiFePO4  

The high cost, toxicity (LiCoO2), safety hazards and chemical instability (LiNiO2, 

and LiMn2O4) of the conventional cathode materials prohibits their use in 

biomedical applications. A promising class of cathode materials are lithium 

phosphates (LiMPO4) with the olivine structure in which phosphorous occupies 

tetrahedral sites, the transition metal (M) occupies octahedral sites and lithium 

forms one-dimensional chains along the [0 1 0] direction. The phosphate most 

commonly used for the cathode is LiFePO4, fig. 11.d, which delithiates to FePO4 as 

the Fe2+ is oxidized to Fe3+. Some iron ions occupy lithium sites, which results in 

the formation of Li-ion vacancies to maintain charge. There is a miscibility gap 

between FePO4 and LiFePO4, so the delithiation occurs by growth of a two-phase 

material rather than a continuous change in lithium content. The formation of a 

two-phase mixture establishes a fixed activity, which results in a relative flat 

discharge profile. This makes it a promising cathode material for lithium 

rechargeable batteries.  

 

2.1.3 Adhesives and Polymers  
 

The electrodes of a lithium-ion battery (LIB) are composite active materials that 

need to be bound to the conductive substrates. Proper binding is necessary to 

efficiently move the charged particles to the surface of the electrochemically active 

material particles. The binder additive is a combination of several polymers and 

organic additives that perform critical multiple roles. Such a complex medium is 

generally obtained by mixing together the active material grains with non-electron-

active additives such as a very fine powder of conductive carbon and a binder. The 

carbon additive helps electronic movement of the charged particles within the 

composite electrode improves electronic contacts between particles in the active 

layer. Tape casting is popular in the electrode manufacturing processes. Slurry of 

active material, conductive carbon and binder mixture is prepared through ball 

milling. This slurry is then cast in a slot-die or rolled.  

After drying, composite electrodes are usually pressed down to about 30–40% 

porosity using a rolling machine or hydraulic press. This treatment is essential for 

obtaining simultaneously high energy, high rate and good cycling stability. The 
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composite obtained films are porous and electronically conducting. They are then 

impregnated by the liquid electrolyte during the battery assembly. For long-lasting 

battery operation, the composite electrode needs to be chemically and 

electrochemically stable. It also needs to maintain a good mechanical cohesion in 

the presence of the liquid electrolyte and during the volume changes which occur 

when inserting and extracting ions within the active material grains.  

Polymers with higher electrochemical stability such as poly tetra-fluoroethylene 

(PTFE), or poly vinyl di-fluoride (PVdF) have been most widely adopted as the bind-

er for composite electrodes in Li -ion battery. A copolymer of vinylidene fluoride 

with hexafluoropropylene, (PVdF-HFP), is used in both polymeric electrolyte and 

composite electrode of the plastic lithium-ion battery technology. A significant 

amount of research has been conducted to replace the PVdF binder, because of its 

high cost, insufficient mechanical properties strong binding strength, low flexibility 

and stability aspects.  

Also an attempt has been made to switch from the non-aqueous to the aqueous 

processing techniques, to reduce the cost, the safety and due environment 

concerns associated with the use of the organic solvents for PVdF, i.e., N-methyl-2-

pyrrolidone, NMP. Aqueous binders will thus gradually replaced PVdF for the 

anodes binding. Similar work is being done for cathode as well.  

Examples of other binders are poly ethyleneoxide (PEO) , poly acrylonitrile-methyl 

methacrylate (PMMA), aromatic polyimides, and polypyrrole for non-aqueous 

processing; gelatin, poly acrylamide-co diallyldimethylammonium chloride (AMAC), 

and polyacrylic acid (PAA) for aqueous processing. Many Combinations of polymers 

have also been proposed for the aqueous processing such as: Carboxy methyl 

cellulose (CMC), styrene-butadiene rubber latex (SBR latex), and PAA; acrylonitrile 

butadiene (NBR) rubber latex and CMC; poly acrylic rubber latex (LA132) and CMC, 

ammonium polyacrylic acid (PAA−NH4) and LA132; NBR, CMC and the iso-

octylphenylether of polyoxyethylene (Lestriez 2009).  

 

2.1.4 Electrolyte 
 

To allow for ionic transport between the electrodes an electrolyte is required. 

Electrolytes act as the medium through which ions diffuse from one electrode to 



24 
 

the other, thereby converting chemical energy to electrical energy. The electrolyte is 

an organic liquid with dissolved substances. Possible electrolyte salts are LiPF6, 

LiBF4, LiCF3SO3, Li(SO2CF3)2 or LiClO4 39. However, LiPF6 is by far the mostly used 

one40. Because of the voltage of a Li-ion cell (∼3.6 V) is higher than the standard 

potential of electrolysis of water (1.23 V at 25◦C) a non-aqueous solvent is 

necessary. Thus, solvents with high dielectric constants are needed. The electrolyte 

also needs to contain lithium salts for ionic conductivity. Common solvents are 

propylene carbonate (PC), ethylene carbonate (EC), and dimethyl sulfoxide (DMSO), 

which all are able to dissolve several lithium salts. The high viscosities of these 

solvents make the ionic transfers slow, giving low conductivity. To overcome this 

problem the actual electrolytic fluid is composed of empirical mixtures also 

containing low viscosity solvents (e.g., dimethyl carbonate [DMC] or methyl ethyl 

carbonate [MEC]). To date, several polymer hosts have been developed and 

characterized that include poly(ethylene oxide) (PEO), poly(propylene oxide) (PPO), 

poly(acrylonitrile) (PAN), poly(methyl methacrylate) (PMMA), poly(vinyl chloride) 

(PVC), poly(vinylidene fluoride) (PVdF), and poly(vinylidene fluoride-hexafluoro 

propylene) (PVdF-HFP)41. Such batteries are getting much attention and being 

categorized as lithium polymer batteries.  

 

2.1.5 Separators 
 

The separator keeps an even spacing between the anode and the cathode and 

prevents short circuiting from direct contact of the electrodes. The separator is a 

micro-porous film usually made of polymers such as polyethylene (PE) or 

polypropylene (PP). The separator also functions as a safety device; if the cell 

overheats the porous film smelts and irreversibly seals the electrodes from each 

other. However, normally the electronic device would disconnect the cells before 

this happens.  

Regarding the configurations of LIBs, carbon materials with or without graphite are 

largely used as the anode material in LIBs, with PVDF as an agglomerate agent. 

The separators are formed by a multilayer structure of polyethylene and 

polypropylene, and the electrolyte is often composed of ethylene carbonate; ethyl, 

dimethyl, diethyl, and methylethyl carbonates; and LiPF6 as the electrolytic 

solution34,42. The classical configurations of LIBs are illustrated in fig. 3. The 
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cathode material contains LiCoO2 or similar salt, carbon, and PVDF binder coated 

on aluminum foil. The anode material contains carbon and PVDF binder coated on 

copper foil. 

The working principle of the LIB is quite different than the typical dry cell. As 

shown in the fig. 12, Li+ ions provided by the electrolyte are the main charge carrier 

here. While charging the ions move from the hexagonal LiCoO2 matrix to the 

negative electrode and are stored between the carbon layers (graphite); while on 

discharge it moves back to the positive electrode. Inevitably the separator is only 

permeable for the movement of small Li+ ions.  

 

Figure 12: Charging and discharging mechanisms of a typical LIB 

The chemical reactions in the two electrodes can be simply expressed as follows13:  

The cathodic reaction: 6C + xLi+ +xe− ⇔ C6Lix   (1) 

The anodic reaction: LiCoO2⇔ Li(1−x)CoO2 +xLi+ +xe−  (2) 

Where the forward direction is the charge reaction and the reverse is the discharge 

reaction. The energy is stored in these batteries through the movement of lithium 

ions from the cathode to the anode (charge process of the battery) or vice versa 

(discharge process) according to Eq. (3): 

LiCoO2 +6C ⇔ Li(1−x)CoO2 +C6Lix  (3) 
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2.2 RECYCLING OF LIBs 
 

In light of the significant quantity, potential environmental concern, high content 

of valuable resources, and limit carrying capacity of global reserves, the 

recycling of spent LIBs is highly desirable.  

 

Figure 13: Recycling processes for LIBs 

In the recent years many recycling technologies and processes have been developed 

in the laboratory scale. According to Zheng et.al who summed the processes up, 

the spent LIBs recycling processes developed are divided into three stages, 

illustrated in fig. 13. The pretreatment stage is focused on removing some 

hazardous source and separating the components of spent LIBs. The secondary 

treatment stage is focused on enhancing the separation of the components and 

dissolving the composition of spent LIBs. And deep recovery stage is often employed 

to obtain some valuable products. 

 

Figure 14: The overall recycling process of LIBs 
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After pretreatment, secondary treatment, and deep recovery, the spent LIBs can be 

recovered as elemental Fe, Cu, and Al and Co, Li, Ni, and Mn are recovered in 

combined state. Literature also shows that mechanical treatment, pyrometallurgy, 

hydrometallurgy, and bio-treatment are the major recycling approaches for the 

spent LIBs. Hydrometallurgy dominates among all the approaches by a fair margin. 

Mechanical treatment is important and essential, not only because the recycling 

target of Cu, Al, and Fe is in elemental state, but also it is often a pretreatment for 

the subsequent process such as hydrometallurgy and Pyrometallurgy. 

Pyrometallurgy accounts second of all the treating approaches. It can quickly 

remove the organic compound of the spent LIBs such as carbon 

power, PVDF, and plastics. Bio-treatment has also attracted people’s attention 

to selectively recycle some metals from the spent LIBs. More often, the treating 

approaches introduced above are combined to recover the valuable matters in 

higher efficiency. Fig.14 outlines the recovery options. 

2.2.1 Pretreatment of LIBs 
 

Although the spent LIBs are approaching the end of life, a little residue 

power still remains43. Unlike other batteries, LIBs often blow up during the 

recycling process due to radical oxidation when lithium metal produced 

from battery overcharge sustains a mechanical shock from exposure to the 

air. Moreover, LIBs are generally so complex and dense in structure that they 

will be less efficient for direct Pyrometallurgy or hydrometallurgy. Therefore, 

a preliminary retreatment before recovery of the valuable metals from the 

waste is necessary. 

To prevent short-circuiting and self-ignition, the spent LIBs often are first 

discharged12,44. The common method is to place the spent LIBs in salt solution, or 

sometimes in liquid nitrogen. Similar to other electronic waste, the spent LIBs 

should be dismantled and separated by manual or by mechanical for further 

treatment. Mechanical operations are required because metals in batteries are 

covered with or encapsulated by plastic or iron shell. The plastic cases of the 

batteries are firstly removed using a small knife or a screwdriver. Then, in order to 

remove the metallic shell that covers the battery, it may be immersed into liquid 

nitrogen for 4 min and fixed in a lathe. Such a cryogenic method is generally 

adopted for safety precautions. The metallic shell is then cut using a saw; the ends 

of the metallic shell were removed first and a longitudinal cut was done aiming to 
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access the internal material of the battery, which was removed using pliers. Anode 

and cathode can be uncurled manually, separated, and dried. All steps in the 

experimental procedure must be carried out using glasses, gloves, and gas masks 

for safe operation. Owing to low bonding force between graphite carbon particles 

and copper foil, graphite carbon can easily drop off and be separated when 

anode materials remain struck.  

Based on the analysis of the structure and properties of anodes, the 

pulverization, vibratory screening, and pneumatic separation can be utilized 

to separate and recover the copper and carbon powder in the anodes from 

spent LIBs. The results45 indicate that, if anode materials are pulverized first 

and then sieved, the grades of copper (>0.250 mm) and carbon powder  

(<0.125 mm) in the crushed particles reach 92.4% and 96.6%, respectively,  

which can be recycled directly. As for the specific particles (0.125–0.250 mm)  

with low copper grade, the pneumatic separation was applied to achieve an 

effective separation of copper and carbon particle. When the flow velocity is 

1.00 m/s, and the recovery rate and grade of copper reach 92.3% and 84.4%, 

respectively. 

 

To enhance the efficiency, mechanical treatment was used12 with a crushing and 

screening. When the crushing and screening were utilized for the 

spent LIBs from laptop, the 12 mm aperture screen was superior to ensure 

that LiCoO2 is present in the larger products in minimal amounts, to obtain 

28% Co and 2% impurities in the recovered electrodes. A mechanical separation 

process has been presented28 consisting of a two-step crushing, primary crushing 

with a sieve of 20 mm size, and fine crushing with a sieve 

of 10 mm size, followed by a hydrometallurgical procedure for lithium and 

cobalt recovery. In that study, the electrodes were dried at 80°C for 24 hr, and 

washed in distilled water at 40◦ C for 1 hr under agitation to eliminate organic 

solvents, propylene carbonate (PC), and ethylene carbonate (EC), and to facilitate 

the detachment of the active material from the respective current collectors. The 

active material was filtered and washed with distilled water at 40° C to remove 

possible lithium salts, such as LiPF6 and LiCl4 and dried in air for 24 

hours46. 

Given the fact that mechanical treatments such as comminuting is advantageous 

in industrial scale, the required level of finesse for the better liberation of metal- 
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nonmetal- and ceramics is very high (<1mm), which incorporates a series of sizing 

treatments and increases the cost associated to a level of fortune. 

Thermal treatment such as incinerating and pyrolysis can be utilized to remove the 

unwanted materials47. The cathode part separated by shredding could be heated at 

150–500°C for 1 hr to burn binder and organic additives. And next the unclean 

cathode material could be incinerated at 700–900°C for 1 hr to remove carbon and 

residual unburned organics if present. A novel process was developed48 involving 

vacuum pyrolysis and hydrometallurgical technique for the combined recovery of 

cobalt and lithium from spent LIBs. The results of vacuum pyrolysis 

of cathode material showed that the cathode powder composing of LiCoO2 

and CoO peeled completely from aluminum foils under the following experimental 

conditions: temperature of 600°C, vacuum evaporation time of 30 min, and residual 

gas pressure of 1.0 kPa. 

 

2.2.2 Secondary Treatment of Spent LIBs 
 

Although some cathode material or anode material can be stripped from Al 

foil or Cu foil during the pretreatment process, most cathode material or 

anode material is still attached to the foil. 

 

Figure 15: Secondary treatment processes 

Because the LiCoO2 electrodes in the LIBs do not have only LiCoO2 but also 

electron-conducting carbon, binder and Al current collector, the recycling of spent 

LiCoO2 electrodes using the conventional method should be more sophisticated. To 



30 
 

properly separate LiCoO2 from Al foil, many alternatives have been tested, including 

solvent extraction, N-methyl pyrrolidone (NMP), Dimethyl sulfoxide (DMSO) 

dissolving, bioleaching, and acid leaching. Fig. 15 illustrates the systematic 

secondary treatment 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. 

 

2.2.2.1 Hydrothermal Method 

It is reported that LiCoO2 phase can be obtained by the hydrothermal reaction 

based on the dissolution-precipitation mechanism. Both the separation of LiCoO2 

phase from spent electrodes and the renovation of LiCoO2 phase 

can be simultaneously accomplished without any scraping procedures if the 

hydrothermal conditions for the selective dissolution of spent LiCoO2 phase 

and the optimal precipitation of renovated LiCoO2 phase were controlled. 

Kim et al.49 described that LiCoO2 could be separated from spent electrodes 

in a single synthetic step using hydrothermal method in a concentrated LiOH 

solution at 200°C with an approximate heating rate of 3.0°C/min and without 

any scraping procedure. No external pressure and gas injection were added 

during the hydrothermal reaction. Finally, the renovated LiCoO2 cathode 

material was obtained simultaneously. 

 

2.2.2.2 Ultrasonic Treatment 

Ultrasonic treatment was proved to be effective to helpfully separate the 

cathode material from the Al foil12,44. When using agitation alone, most of 

the electrode materials still stuck to the foils; when using ultrasonic washing 

alone, only part of the electrode materials could be removed. But when the 

agitation and the ultrasonic washing were employed simultaneously, almost 

all electrode materials could be separated from Al foil. Therefore, ultrasonic 

treatment is often regarded as assisting way. It may be that cavitations effect 

of the ultrasonic wave can generate greater pressure to destroy insoluble 

substances and scatter them in the water. The rinse effect agitation then 

facilitates the process of separating electrode materials from Al foils.  
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2.2.2.3 NMP Dissolving 

NMP is a chemical compound with 5-membered lactam structure. It is a clear 

to slightly yellow liquid miscible with water and solvents like ethyl acetate, 

chloroform, benzene and lower alcohols or ketones. NMP is often used to 

enhance the adhesive of Al foil and Cu foil in the LIB production50. Instead, 

NMP also could be preferably employed to dissolve the PVDF in the spent 

LIBs recycling to reduce the separation temperature and times17. The 

spent LIBs could be treated with NMP at 100°C for 1 hr, LiCoO2 was effectively 

separated from their support substrate and recovered, and the recovery 

of both copper and aluminum in their metallic form was also achieved.  

 

2.2.2.4 Bioleaching 

Due to the high efficiency, low cost and few industrial requirements, bio-

hydrometallurgical processes have drawn many concerns. In these processes, 

microorganisms (bacteria and fungi) perform numerous physiologically important 

reactions that enable them to grow and reproduce. The formations of metabolic 

products such as inorganic and organic acids by microbial activities help in the 

leaching of metals from wastes and minerals.  

A key microorganism is the iron and sulfur oxidizing bacterium, 

Acidithiobacillus ferrooxidans, which has been studied extensively for its 

ability to oxidize metal sulfide ores. This bacterium has been utilized to dissolute 

valuable metals from some wastes. The bacterium has been used51 to bioleach 

metals from the spent LIBs. Bio-dissolution of cobalt was found to be faster than 

lithium. Higher Fe(II) concentration showed a decrease in dissolution due co-

precipitation of Fe(III) with the metals in the residues. The higher solid/liquid ratio 

also affected the metal dissolution by arresting the cell growth due to increased 

metal concentration in the waste sample. 

Another investigation52 reported the bioleaching mechanism of cobalt and lithium 

from the spent LIBs by mixed culture of sulfur-oxidizing and iron-oxidizing 

bacteria. The highest release of lithium occurred at the lowest pH of 1.54 with 

elemental sulfur as an energy source, the lowest occurred at the highest pH 

of 1.69 with FeS2. In contrast, the highest release of cobalt occurred at higher 

pH and varied ORP with S + FeS2, the lowest occurred at almost unchanged 

ORP with S. It is suggested that acid dissolution is the main mechanism for Li 
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bioleaching independent of energy matters types, however, apart from acid 

dissolution, Fe(II) catalyzed reduction takes part in the bioleaching process 

as well Co(II) was released by acid dissolution after insoluble Co(III) was 

reduced into soluble Co(II) by Fe(II) in both FeS2 and FeS2+S systems. 

Copper ion was found to efficiently catalyze the bioleaching of metal 

sulfides. However, the spent LiCoO2 is a kind of metal oxide different from 

metal sulfides, consequently, the catalytic mechanism of the LiCoO2 may differ 

from that of metal sulfides. To enhance the cobalt dissolution by copper 

ions, a copper-catalyzed bioleaching process was developed and found that 

almost all cobalt (99.9%) went into solution after being bioleached for six 

days in the presence of 0.75 g/L copper ions, while only 43.1% of cobalt 

dissolution was obtained after 10 days without copper ions. The catalytic 

mechanism was investigated to explain the enhancement of cobalt dissolution by 

copper ions, in which LiCoO2 underwent a cationic interchange 

reaction with copper ions to form CuCo2O4 on the surface of the sample, 

which could be easily dissolved by Fe(III). 

3H+ + LiCoO2(s)− + H2O2 → Li+ + Co2+ + 1.5H2O + 0.25O2(g) (4) 

Table 3: Various leaching conditions of LiCoO2 cathode material from the spent LIBs 

Author Acid Additive s/l ratio Temp. RPM Time 

Lee & Rhee 1 M HNO3 1.7 vol.% H2O2 20 g l-1 75°C - 1 hr 

S.M. Shin et al. 
2 mol/L 
H2SO4 15 vol.% H2O2 50 g l-1 75°C 300 30 min 

P. Zhang et al. 4  M  HCl 

 

1:10 80°C 

 

1 hr 

G.Dorella et.al 6% v/v H2SO4 4 vol.% H2O2 30 g l-1 65°C 480 

 M.A.H. Shuva & 
ASW Kurny 3 M  HCl 3.5 vol.% H2O2 1:20 80°C 400 1 hr 

J. Manjanna 

0.1 M citric 
acid  + 0.02M 
ascorbic acid 6 vol.% H2O2 1:500 80°C 

 

6 hr 
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2.2.2.5 Acid Leaching 

Compared to the previous separating methods, acid leaching is the most 

widely used approach to peel the cathode materials from the spent LIBs. 

The leaching rate of cobalt and lithium mainly depends on leachant concentration, 

temperature, reaction time and solid-to-liquid ratio. Table 3 illustrates the various 

leaching reagents used and their efficiency on a glimpse. The leachant can 

be divided into conventional acid such as sulfuric acid (H2SO4), hydrochloric 

acid (HCl), and nitric acid (HNO3), and organic acid such as citric acid and 

oxalic acid. The mechanism of acid leaching for LiCoO2 can be described as: 

A) CONVENTIONAL ACID 

Researchers have separated LiCoO2 powder from the spent LIBs and dissolved in 

HNO353. In order to increase the solubility of LiCoO2 in HNO3 solution, it was 

necessary to heat the solution. During heating of the HNO3 solution, most of the 

water was evaporated. Cobalt hydroxide on a titanium electrode is transformed and 

cobalt oxide can be obtained via the dehydration procedure. Thus, double distilled 

water was continuously added to the leaching HNO3 solution in 

order to maintain an appropriate pH value of 2.6. The concentration of 

elements from commercial (fresh) and waste LiCoO2 in HNO3 was analyzed 

with an inductively couple plasma-mass spectrometer (ICP-MS).  

3HNO3 + LiCoO2(s) → LiNO3 + Co(NO3)2 + 1.5H2O + 0.25O2(g) (5) 

With respect to the H2SO4 leaching42, the cathode was first leached with NaOH 

for the selective removal of Al, followed by leaching with H2SO4+H2O2 for 

the dissolution of the remaining Co and Li. The operating variables concentration of 

NaOH and concentration of H2O2 were found significant for the metal 

dissolution conditions investigated at basic and acid leaching operations, 

respectively. On the other hand, the variable temperature and concentration 

of H2SO4 showed minor effects at acid leaching step. 

3H2SO4 + 2LiCoO2− (s) + H2O2 → Li2SO4 + 3H2O + 0.25O2 (g) (6) 

To compare the different leachants, effects of leachant concentration, 

temperature, reaction time, and solid-to-liquid ratio on leaching of cobalt 

and lithium contained in the anode material of the batteries were examined 

using several reagents such as H2SO4, hydroxylamine hydrochloride, and 

HCl as leachants13. HCl was found to be the most suitable leachant among the 
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three reagents. A leaching efficiency of more than 99% of cobalt and lithium 

could be achieved when 4 mol/L HCI solution was used at a temperature of 

80°C and a reaction time of 1 hr.  

3HCl + LiCoO2(s) → LiCl + CoCl2 + 1.5H2O + 0.25O2 (g) (7) 

B) ORGANIC ACID 

Among all the organic acids, strong acid is also effective to leach the cathode 

material. In a study54 spent LIBs were physically treated for the separation of 

magnetic material, crushed and classified into magnetic materials (3.5%) and three 

size fractions: +8 mesh (49.4%), –8 + 16 mesh (7.6%), and –16 mesh (36.5%). The 

–16 mesh fraction of the LIBs was leached with H2SO4, Cu was eliminated 

with Na2S, and resulting solution was treated with oxalic acid (H2C2O4) for 

the recovery of cobalt. The leach liquor contained 27.4 g/L Co, 4.87 g/L Li, 

88.6 mg/L Fe, and 962.4 mg/L Cu as impurities. More than 99.9% Cu was 

precipitated and removed by the addition of Na2S to the leach liquor at a 

Na2S to Cu molar ratio of 3 to 1. The cobalt oxalate (CoC2O4) precipitate was 

calcined to oxide as the final product. The copper-free liquor was treated 

with H2C2O4 to precipitate the crystalline form of CoC2O4·2H2O. Cobalt oxide in the 

crystalline form of Co3O4 was successfully obtained by calcining 

CoC2O4·2H2O at 150–300◦C for 2 hr.  

An environmentally compatible process has been presented55 based on vacuum 

pyrolysis with the system pressure of lower than 1.0 kPa, oxalate leaching and 

precipitation is applied to recover cobalt and lithium from spent LIBs. Oxalate is 

introduced as leaching reagent meanwhile as precipitant, which leaches and 

precipitates cobalt from LiCoO2 and CoO directly as CoC2O4·2H2O with 1.0 mol/L 

oxalate solution at 80◦C and solid-to-liquid ratio of 50 g/L for 120 min. The 

reaction efficiency of more than 98% of LiCoO2 can be achieved and cobalt and 

lithium can also be separated efficiently during the hydrometallurgical process. 

Another acid such as citric acid (C6H8O7·H2O) and H2O2 are introduced 

as leaching reagents and the leaching of cobalt and lithium with a solution 

containing C6H8O7·H2O is investigated56. When both C6H8O7·H2O and H2O2 

are used an effective recovery of Li and Co as their respective citrates is 

possible. The proposed procedure includes the mechanical separation of 

metal-containing particles and a chemical leaching process. Conditions for 



35 
 

achieving a recovery of more than 90% Co and nearly 100% Li are achieved 

experimentally by varying the concentrations of leachant, time and temperature of 

the reaction as well as the starting solid-to-liquid ratio. Leaching 

with 1.25 mol/L C6H8O7, 1.0 vol% H2O2 and a S:L of 20 g/L with agitation 

at 300 rpm in a batch extractor results in a highly efficient recovery of the 

metals within 30 min of the processing time at 90°C.  

 

2.2.3 Deep Recovery Process of Spent LIBs 
 

Although a few metals as Cu and Al can be obtained in pretreatment stage, 

more metals will be transformed into leaching solutions in secondary treatment 

stage when the cathode material or anode material is leached. Therefore, to develop 

some processes should be essential so that the leaching solutions can be recovered 

for Co, Li, Cu, and Al. The combining process of solvent extraction, precipitation, 

electro-winning, crystallization, and calcining has been developed for high purity 

products.  

 

2.2.3.1 Conventional Deep Recovery Process of Spent LIBs 

 

Solvent extraction or selective leaching procedure can be utilized for leach liquors 

of cathode to separate cobalt, nickel, manganese, and lithium in different streams. 

Metal extraction takes place according to the following reaction: 

M2+ (Aq) + Aorg− + 2(HA)2(org) ↔ MA2 + 3HAorg + H+Aq (8) 

Where AOrg-+ 2(HA)2Org represents the solvent saponified by the reaction: 

Na+ Aq + 1/2 (HA)2org ↔ NaAorg + H+Aq (9) 

Wang et al.57 developed a detailed process for lithium, manganese, 

cobalt, and nickel. For the recovery process of the mixture, first the Mn 

in the leaching liquor was selectively reacted and nearly completed with a 

KMnO4 reagent, and the Mn was recovered as MnO2 and manganese hydroxide. 

Second, the Ni in the leaching liquor was selectively extracted and 

nearly completed with dimethylglyoxime. Thirdly, the aqueous solution in 
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addition to the 1 M sodium hydroxide solution to reach pH = 11 allowed the 

selective precipitation of the cobalt hydroxide. The remaining Li in the aqueous 

solution was readily recovered as Li2CO3 precipitated by the addition of 

a saturated Na2CO3 solution. The purity of the recovery powder of lithium, 

manganese, cobalt, and nickel was 96.97, 98.23, 96.94, and 97.43 wt%, 

respectively. 

Pranolo et al.58 proposed a conceptual process flowsheet for recovering 

cobalt, nickel, and lithium from spent LIB leach solutions using the mixed 

Ionquest 801 and Acorga M5640 system in the first solvent extraction circuit 

and Cyanex 272 in the second solvent extraction circuit. The advantage of this 

process is that cobalt and lithium can be effectively purified and recovered 

as separate products. 

LiCoO2 active material could be peeled off from Al substrate and leached with HCl, 

then using solvent extraction with PC-88A separated cobalt, lithium was 

precipitated as carbonate.13 

Regarding the solution from leaching with H2SO4 and H2O2, Cobalt was selectively 

extracted from the purified aqueous phase by equilibrating with 50% saponified 0.4 

M Cyanex 272 at an equilibrium pH ∼6. The stripping of the loaded organic phase 

with 2 mol/L H2SO4 produced a solution of 96 g/L Co from which pure pigment 

grade cobalt sulfate could be recovered by evaporation/recrystallization. Overall, 

92% cobalt could be recovered from the spent LIBs59. Alternatively, the impurity 

ions of Fe(III), Cu(II), and Mn(II) in the leach liquor were precipitated by adjusting 

the pH value. Cobalt(II) was then extracted selectively from the purified aqueous 

phase with saponified P507 (2-ethylhexyl phosphoric acid mono-2-ethylhexyl ester) 

and chemically deposited as oxalate from the strip liquor with a yield of ∼93% and 

purity 99.9%60. 

Suzuki et al.61 developed a hydrometallurgical process to separate aluminum, 

cobalt, copper, and lithium in sulfuric acid solutions. The sequence of solvent 

extraction circuits using PC-88A, Acorga M5640, and tri-noctylamine (TOA) 

extractants effectively separates four metals of interest. In the first circuit of the 

proposed process, copper was selectively extracted by Acorga M5640 at pH 1.5–2.0. 

Aluminum, cobalt, and lithium remained in the aqueous phase. In the second 

circuit, aluminum was selectively extracted by PC-88A at pH 2.5–3.0. For 

separation of the remaining cobalt and lithium, Acorga M5640 provided higher 
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cobalt selectivity (separation factor could not be accurately obtained due to 

negligible lithium extraction) compared to PC- 88A and PC-88A/TOA. The PC-

88A/TOA mixed extractant rather than Acorga M5640 is a suitable choice for the 

separation of cobalt and lithium. 

2.2.3.2 New Deep Recovery Process of Spent LIBs 

 

2.2.3.2.1 PYROMETALLURGICAL PROCESS 

Besides the characterization and evaluation of all generated metallic material 

fractions, Georgi- Maschler et al.62 took the focus to develop a 

pyrometallurgical process step in an electric arc furnace for the carbo-reductive 

melting of the fine fraction extracted from spent LIBs. This fine 

fraction mainly consists of the cobalt and lithium containing electrode material. 

Because a selective pyrometallurgical treatment of the fine fraction for 

producing a cobalt alloy has not been done before, the proof of feasibility 

was the main aim. 

2.2.3.2.2 REPAIR OF CATHODE MATERIALS 

As some LIBs cannot work as usual, a few LIBs can be repaired for reuse 

again. He et al. proposed a process of ultrasonic repair to reclaim the cathode 

materials. The LiCoO2 material was first separated from the mechanical treatment 

of spent LIBs. Then, the LiCoO2 was thrown into LiOH solution of 

1–2 mol/L, and they would be operated for 6–12 hr at ambient temperature 

by ultrasonic radiation. The final solution was cleaned with deionized water 

and filtrated for LiCoO2. The last procedure was to dry LiCoO2 in 50–80◦C 

for 6–10 hr. 

2.2.3.2.3 REGENERATION AND RESYNTHESIS OF CATHODE MATERIALS 

The leach liquor, obtained from spent LIBs by using a nitric acid leaching 

solution, was used as electrolyte to regenerate LiCoO2 crystals on nickel plate 

at constant current in a single synthetic step using electrochemical deposition 

technology. The crystals were found to have good characteristics as a 

cathode active material in terms of charge and discharge capacity, and cycling 

performance. The particle size and layer thickness of the regenerated 

LiCoO2 crystalline powder were 0.5 µm and 0.2 mm, respectively. The initial 

charge and discharge capacity were 130.8 and 127.2 m Ah/g, respectively. 
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After 30 cycles, the capacity had decreased by less than 4% compared with 

the first cycle63. 

Resynthesis of electrode materials or synthesis of other reactive materials from the 

recycled spent LIBs is another dominant idea to recover the 

valuable metals, also developed by many researchers. Rodrigues et al.64 

investigated the synthesis of LiCoO2 by heating a mixed solution of Co(NO3)2, 

Li2CO3, and diformylhydrazine fuel at 350◦C followed by annealing at 850◦C 

for 6 hr to obtain an ordered crystalline layer compound. Also the synthesis of 

LiCoO2 through the calcination of a mixed precursor of Li2CO3 and 

Co3O4 mixture, and the factors affecting it (initial Li/Co ratio, calcination 

atmosphere, temperature, leaching media [H2O or acetic acid], final Li/Co 

ratio, primary particle size, and conductivity) were studied by Lundblad and 

Bergman.65 
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EXPERIMENTAL 
 

The experiments performed under this study were conducted adopting the basic 

steps from earlier studies discussed in the literature review, and improvising upon 

a long array of trial and error. An overview of the experimental path finding can be 

visualized in table 4. 

Table 4: Overview of the experimental path 

Batch  
no. 

Description Obstacle Decision 

01 Mechanical breakage of 
battery assembly 

Excessive damage to 
already corroded cells 

Selection of 
seemingly intact 
battery and 
breakage with care  

02 Mechanical breakage of 
battery assembly, cutting the 
cells 

sparking on contact and 
heat generated while 
cutting the cells due to 
improper discharging 

Better discharging 
alternatives  

03 Mechanical breakage of 
battery assembly, discharging, 
cutting the cells, drying in 
oven @100°C 

Electrodes got severely 
attached with PE separator 

Natural drying of 
cell constituents 
after breakage 

04 Mechanical breakage of 
battery assembly, discharging, 
cutting the cells, natural 
drying, active electrode 
materials burnt @900°C to 
remove graphite 

Active electrode materials 
got cemented, new reaction 
products formed with (both 
alumina and porcelain) 
crucible, on later stages Li 
recovery was too low 

Leaching to 
separate graphite 

05 Mechanical breakage of 
battery assembly, discharging, 
cutting the cells, natural 
drying, active electrode 
materials leached 

Color of the leach liquor is 
different and solution 
chemistry inconsistent  
(e.g. LiNiO2,  LiCoxNi1-xO2) 

Characterization 
before leaching to 
ensure the 
presence of liCoO2 

only 
06 Mechanical breakage of 

battery assembly, discharging, 
cutting the cells, natural 
drying, characterization of raw 
materials, active electrode 
materials leached 

High Al content in the leach 
liquor 

Al separation by 
chemical process 
before leaching 

07 Mechanical breakage of 
battery assembly, discharging, 
cutting the cells, natural 
drying, characterization of raw 
materials, removal of Al, 
active electrode materials 
leached, Li and Co 
compounds reclaimed 

LiCoO2 formation is not 
complete 

Successful 
completion of 
experiment after 
the addition of air 
supply. 
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3.1 Materials:   
 

3.1.1 Materials: 
 

Waste laptop batteries (Brand: HP, Type: Li ion, 6 cell) were collected from the local 

scrap market (Elephant road, Dhanmondi, Dhaka). One of such battery label could 

be seen in fig. 16.  The chemical reagents (HCl, NaOH, H2O2 and Na2CO3) used in 

this study were of analytical grades (Merck, Germany and Scherlue, Spain) 

purchased from Paradise Scientific Stores, Hatkhola, Dhaka. For all purposes de-

ionized water (pH 6.5 - 7.5) was used.  

 

3.1.2 Instrumentation: 
 

For the estimation of carbon and organic contents, a CHNS-O (Brand: Thermo 

Fisher, Model: Flash 2000, Origin: USA) was used. To identify the metallic elements 

in the active electrode materials, a WDXRF (Brand: Shimadzu, Model: LAB Center 

XRF- 1800, Origin: Japan) was used. Phase identification data of several 

intermediate products and raw materials were obtained using XRD (Brand: Bruker, 

Model: D8 Advance, Origin: Germany). Concentration of ions in different 

intermediate solutions was characterized by an AAS (Brand: Shimadzu, Model: 

AA7000, Origin: Japan). A (Brand: Jeol, Model: 71031SE2A, Origin: Japan) FESEM 

was used to acquire micrographs. 

 

3.2 Methods:  

3.2.1 Mechanical Breaking: 
 

Waste laptop battery was mechanically broken with pliers to separate the plastic 

casing, connectors and additional materials from the cell assembly (fig. 17).   

 

Figure 16: Studied waste LIB from laptop 
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Figure 17: Breakage of battery assembly: casing, electronics and 6 cells 

 

Figure 18: Breakage of cells: metallic casing, connectors, fillers, etc. 

Dipping in a 5% NaCl solution for 1-2 hour was done to discharge the cells (from 

~1.5V to 0.01V measured by a multi-meter). The cells were then broken 

mechanically (fig. 18) under a fume hood with a pliers and a screw driver to unravel 

the coiled PE separators and the electrodes to be kept on a steel tray. The tray with 

everything other than the metallic cell casing, connectors and plastic parts were 

kept inside the fume hood to naturally dry for 3- 5 days.  
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3.2.2 Separation of Aluminum and AEM: 
 

The Cu electrodes and PE separators were then manually scraped to remove active 

electrode materials (AEM) as far as possible (fig. 19). The separation was very easy 

for the Cu electrodes because it contained mainly graphite on both sides, unlike 

the Al electrodes containing graphite as well as LiCoO2 pasted with organic 

binder(s). As for the PS separators, the scraping process was intermediately 

successful leaving a good amount of graphite and LiCoO2 still attached on both 

side. This dry scraping is labeled as the 1st turnings.  

The 2nd turnings were achieved by the wet brushing of PS separators with DM 

water and a tooth brush. When dried there was a bitter smell possibly due to the 

remnant electrolyte, organic solvents and binders used. 

Aluminum Electrodes- in most of the cases- got highly corroded and blistered; 

possibly due to rapid charge/discharge of the cell assembly in actual use. Also the 

PS separators got black shades in some cases, on the LiCoO2 side due to the same 

reason. At some points Al electrodes and AEM got severely attached with the PS 

separators, possibly because of the severe heat generated due to 

charging/discharging rapidity. Hence brushing did not help the separation of AEM 

from Al electrodes. And small amount of AEM was stuck with the PS separators 

even after brushing treatment. Luckily the amount was negligible. 

The Al electrodes and attached AEM (3rd turnings) were treated with 1M 500ml 

NaOH. The Al foil reacted with the NaOH to form Na2Al2O4 and the AEM got 

separated. This portion of AEM was treated again with 1M 100 ml NaOH to assure 

any un-reacted Al got in the solution.  

2NaOH (aq) + Al (s) →Na2Al2O4 (aq) (10) 
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PP separator (Cathode side) 

 
PP separator  

 
Cu current collector of Anode 

 
Cathode and corroded Al current collector 

Figure 19: Electrodes and separators of LIB 

 

The solution (total 600ml) was then filtered to recover the AEM and washed 

subsequently with DM water before drying at 100°C overnight. The filtrate was 

treated with dry CO2 bubbling through it with rigorous stirring. Eventually the 

solution turned white and Al(OH)3 precipitation formed. It was observed that this 

process was accelerated in warm (~50°C) condition. It was then filtered and washed 

before drying overnight at 100°C. The filtrate is again treated with dry CO2 to 



45 

recover additional Al(OH)3 precipitates. The amount achieved from this second 

treatment was reasonably small. It was then filtered and dried the same way. A 

portion from the filtrate was taken for Atomic Absorption Spectrometer to quantify 

any remaining amount of Al.  

Na2Al2O4 (aq) + CO2 (g) → Na2CO3 (aq) + 2 Al(OH)3 ↓ (11) 

The dried Al(OH)3 was characterized with X-Ray Diffractometer to identify any 

possible impurities and confirm the Al(OH)3 phase(s) formed. The phases were 

identified to be Bayerite (JCPDS: 20-0011) with no significant presence of 

impurities. It was finally treated at 600°C for 4 hours to get θ-Al2O3. Fig. 20 shows 

the aluminum products. 

2 Al(OH)3 (s) → Al2O3 (s) + 3H2O ↑ (12) 

 

 

Figure 20: Aluminum hydroxide (left) and Al2O3 after firing 

The 1st and 2nd turnings along with the residue from Al foil treatment process (3rd 

turnings) were treated in ball mill to get fine powders of AEM. It is found that 

without this milling complete leaching of LiCoO2 is tough as it gets trapped inside 

the graphite. The sheet like layered structure of graphite might also contribute to 

this effect by trapping Li+ ions inside from both the electrolyte and the reaction 

product of the AEM from charging/ discharging cycle.  

The milled AEM was analyzed in an elemental analyzer (CHNS-O) to quantify the 

amount of graphite and organic materials remaining. The C content was found to 

be 45.3% with negligible organics. Also X-Ray fluorescence was done to reconfirm 
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the type of active cathode material. A massive (96- 97%) presence of Co 

authenticated the material to be LiCoO2.  

3.2.3 Leaching: 
 

The leaching and simultaneous removal of graphite from the AEM was done by 3M 

HCl with a solid to liquid ration of 1:20, aided by 5% H2O2. The leach solution has a 

bright red color (fig.21) having intensity proportional to the density. The color 

indicates the successful leaching of a d block element- in this case Co. The solution 

was then filtered to acquire the graphite particles on the filter paper to be washed 

and dried subsequently. At this point the solution pH was ~0.5. The dried graphite 

powder was then analyzed by XRD to confirm the absence of LiCoO2. 

LiCoO2 (s) + HCl (aq) → LiCl (aq) + CoCl2 (aq) + Cl2 ↑ (13) 

 

Figure 21: Leaching Setup (left) and schematics (right) 

3.2.4 Cobalt and Lithium Recovery: 
 

A portion of this solution was analyzed in the Atomic Absorption Spectrometer to 

estimate the amount of leached Co and Li. Rest of the solution was treated with 65 

ml 4M NaOH (per 100 ml leach solution) to reclaim Co as Co(OH)2 precipitates at 

near pH 11.   

CoCl2 (aq)+ NaOH (aq) → Co(OH)2 ↓+ NaCl (aq)   (14) 
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The Co(OH)2 obtained was then treated at 600°C for 3 hour to get Co3O4.  

3Co(OH)2 (s)  → Co3O4 (s) + 2H2O ↑   (15) 

The remaining solution was condensed to ½ of the initial volume by heating. Later 

it was treated with saturated Na2(CO3) and boiled for some time to get a precipitate 

of Li2CO3. 

2LiCl (aq) + Na2(CO3) (aq) → Li2CO3 ↓+ 2NaCl (aq)   (16) 

The solutions -before and after the Li separation- were also taken for AAS analysis 

to measure the Co and Li recoveries respectively. Fig. 22 and fig. 23 displays the 

various recovery products at different stages. 

 

Figure 22: Products at different phases of leaching and reclamation 

 

 

Figure 23: Produced lithium carbonate 



48 

3.2.5 LiCoO2 formation: 
 

To synthesize LiCoO2 stoichiometric proportions of Co3O4 and Li2CO3 was calculated 

to be 1:1.5 (molar) according to the following equation:  

6Li2CO3 (s) + 4Co3O4 (s) + O2 (g) → 12 LiCoO2 (s) + 6CO2 (g)   (17) 

A set of samples of total mass 1 gm was prepared by mixing the weighted reactants 

in a mortar- pestle and pressing in a die up to 20 kPa to form green tablets. The 

tablets were then sintered in a tube furnace with and without air supply.  

The formation of LiCoO2 depends on various parameters like composition, 

environment and heating rate, etc. Researchers have formed LiCoO2 from various 

raw materials at above 800°C with different time duration (close to 24 hrs). A 

simple sintering cycle was hence chosen to verify the outcomes. 

The sintering cycles were similar to the following:  

 

 

  

 

  

 

 

Figure 24: left: Sintering cycle of LiCoO2 and right: sintered pellet 

It was found that porcelain boats (made of Kaolinite clay, a form of alumino- 

silicates) reacts with Lithium salts to produce aluminates or silicates if there is a 

contact with the green tablet. Hence, a layer of α- Al2O3 was put on the porcelain 

boats bellow the green tablet(s) later on. The reaction suggests that, O2 is required 

for the fulfillment of the reaction. Hence, later experiments were done with and 

additional air flow provided by a pump attached with the tube furnace. The tablets 

were characterized by XRD after each time period of sintering, to identify the 

phases formed.  

950° C 
6 /12/ 18 hrs 

 10° C/min 
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3.3  Summary  
The experimental procedure can be summarized as the following flow chart: 

 

Figure 25: Experimental flow chart 
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CHAPTER 4 
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RESULTS AND DISCUSSION 
 

4.1 Dismantling:  
 

The dismantling process deemed to be an effective one, due to the labor intensive 

procedure requiring very little sophistication. Needless to mention, the safety 

requirements for the dismantling process- fume hood, safety goggles, gloves, etc. 

were maintained as required.  

The mechanical breakage of the cell assembly and later the cells, readily provided 

reusable or recyclable Cu foils, PE separators, steel casings and plastic (PE, PP, 

Bakelite, etc.) portions. After the leaching process, the almost pure graphite was 

achieved which also could find numerous applications. The dismantling process 

contributes to the volatile inorganic loss. It was observed that the discharging step 

of the cells in brine solution initiated some leakage of solute from the cells to the 

brine solution and turned the solution color to brown/ orange. The color changed 

possibly due to the ejection of volatile electrolyte (probably LiPF6) dissolved in 

organic solvent (possibly Ethylene/ Dimethyle Carbonate, EC/DMC) through the 

cell vent. After some time, the solute precipitates itself and could be effectively 

filtered. It was assumed to be the commonly used electrolyte (LiPF6) dissolved in 

Ethylene/Dimethyl Carbonate (EC/DMC) solvent, but the assumption could not be 

verified as the amount of the filtrate was very small and it projected no crystalline 

peaks in XRD.  

It was found that aqueous stirring or ultrasonication had poor effect on the 

separation of electrode materials from the metallic electrodes and the polymeric 

separators. Even when the solvent used for binder removal (DMSO), ultrasonication 

resulted in a separation of small metallic particles. As a result scraping was 

deemed to be the optimistic way. 

For some cases of waste battery the separation was relatively easy and the 

electrode (copper and aluminum) were less likely to be corroded. In such cases the 

removal of binder used in the process of electrode manufacturing is the easiest way 

to separate the electrode materials. The popular choice for this treatment is 

Dimethyl Sulfoxide (DMSO) or N-Methyl-2-Pyrroledone (NMP), for the most common 

binder industrially used is Polyvinylidene Fluoride (PVDF). PVDF is an extremely 
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resistant binder with compatibility with most acid, base, organic or inorganic 

solvents. Unfortunately both solvents are toxic to some extent, irritant when 

exposed and can separate only physical aluminum. The corroded aluminum (which 

is the most common scenario) still stays with the electrode materials and interfere 

the reclamation processes later on. Also previous studies show indication of 

unidentified crystalline and amorphous peaks in the XRD patterns of reclaimed 

products when such solvents are used.  

The dismantling process showed that the aluminum current collector of the 

cathode got perforated in numerous places, possibly due to corrosion as previously 

discussed. The NaOH treatment of the cathode dissolved the Al and was later 

recovered by the CO2 bubbling. The calcined Al(OH)3 turned to Al2O3 which has 

much commercial value. 

Table 5: measurements of the electrodes and separator 

Measurements 
Length, 

mm 
Width, 

mm 
Thickness, 

µm 
Calculated 
mass, gm 

Cu 680 58 8 16.96236 

Al 680 57 12 7.534944 

PP Separator 740 58 14 6.82119 

 
To evaluate the recovery process and possible electrode material loss, the physical 

dimensions of the electrode current collectors and the PP separators were 

measured as tabulated in the above table. 

Table 6: amount of different constituents of a LIB 

Constituent gm % 
Cell Assembly 316.0 100 

Plastic Casing, Connector, Thermocouple 50.0 15.8 

6 Cell 266.0 84.2 

Cell Casing, separators, parts 51.0 16.1 

Cu Electrodes 17.2 5.4 

PP Separator 6.8 2.2 

Cathode Material 130.9 41.4 

graphite 31.6 10.0 

Al Electrode  7.5 2.4 

Organics and Volatiles 20.9 6.6 
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4.2 Active electrode material identification: 
 

The active electrode materials were identified by X-Ray Fluorescence (XRF) 

analysis. It gave a definite indication that the active cathode material was reach in 

Co, later identified to be LiCoO2 as seen in table 7. Lithium cannot be effectively 

identified by XRF, being a lighter (atomic no: 3) metal. There was an indication of 

small amounts of Cu and Al present in the cathode material, possibly due to 

corrosion and the dismantling- scraping process.  

Table 7: Amount of different elements in the cathode material 

Element  Amount (%) 
Co 96.95 

Cu 1.53 

Al 1.51 

 

Also the content of graphite was estimated with an Elemental (C, H, N, S, O) 

Analyzer. The presence of insignificant amounts of H, N, S and O indicated that 

almost all organic materials used were volatile and remaining was mainly carbon 

(graphite). From this result, the amount of LiCoO2 in the electrode material was 

estimated to be 54% (round figure) to be used in the leaching calculations.  

Table 8: Amount of different elements by elemental analysis 

Element Amount % 
C 45.63 

N 0.73 

H 0.33 

S ~0 

O ~0 
 

4.3 Reclamation after leaching: 
 

The Atomic Absorption Spectroscopy results are tabulated below. It depicts the 

concentration of metallic ions in solutions achieved in different steps. The 

aluminum current collector has been effectively removed from the cathode. For 

Cobalt and Lithium ions derived from the leaching of LiCoO2, 99% Co and 80% Li 
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could be successfully recovered by the leaching and reclamation process. The 

phases of the reclamation products were identified by XRD later on.  

Table 9: AAS data of solutions derived at different stages 

Elements 
Concentration (ppm) 

Recovery (%) After Al 

removal 

Leach 

Solution 

After Co 

removal 

After Li 

removal 

Li 0 2424.1 2407.52 1741.5 30% 

Cu 0 79.21 0 0 - 

Al 248.72 198.7 105.5 108 - 

Co 0 17404 1.48 0 99% 

 

4.4 XRD Analysis: 
 

The XRD analysis of active electrode materials (fig. 26) detected the presence of 

Graphite (JCPDS: 65-6212) and LiCoO2. After the removal of Al current collector by 

NaOH, subsequent CO2 treatment and drying; Al(OH)3 (as Bayerite, JCPDS: 20-

0011) was formed, which turned to Al2O3 (JCPDS: 50-0741) after calcination at 

1000°C for 1 hour (fig. 27). The residue after leaching was almost pure Graphite 

(JCPDS: 65-6212) as compared in fig. 26. The reclamation products were identified 

to be Co(OH)2 (later calcined to Co3O4 (JCPDS: 73-1701) at 650°C for 1hour) and 

Li2CO3 (as Zabuyelite, JCPDS: 83-1454) as shown in fig. 28 and fig. 29. Co(OH)2 

was amorphous in nature, as a result no crystalline pattern was achieved in the 

XRD.  
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Figure 26: XRD spectra of LIB active Cathode Materials before and after leaching 

 

Figure 27: XRD spectra of Aluminum extraction as alumina 
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Figure 28: XRD spectra of Cobalt Oxide synthesis 

 

Figure 29: XRD spectra of Lithium Carbonate Synthesis 
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Figure 30: XRD spectra of LiCoO2 synthesis without air 

The formation of LiCoO2 at 950°C for different time durations (6, 12, 18 hours) 

showed different scenarios (fig. 30). Without air the 6 hour treatment showed the 

formation of less crystalline LiCoO2 (JCPDS: 50-0653) and an impurity phase, 

possibly LiAlO2 (JCPDS: 33- 0776) – formed in contact with the porcelain boat. 

After the improvisation of additional Al2O3 layer below the green tablet, the 12 hour 

treatment showed much crystalline LiCoO2 and Co3O4 (JCPDS: 73-1701) and some 

unidentifiable impurity phase- as an indication of Li2CO3 loss and incomplete 

reaction. The 18 hour treatment resulted in LiCoO2, Co3O4 and CoO (JCPDS: 77- 

7548). At this point it seemed conclusive that further treatment will never reach a 

complete conversion to LiCoO2, as there is a Li deficiency and a possible tendency 

of Co3O4 to convert to CoO with time under the treatment conditions.  

With air, the 6 hour treatment at 950°C showed complete crystalline formation of 

LiCoO2 (JCPDS: 50-0653) with no observable impurities (fig. 31). The product 

remained the same in the later experiments with prolonged time durations to 12 

and 18 hours.  
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Figure 31: XRD spectra of LiCoO2 Synthesis with air 

4.5 SEM micrographs: 
 

 

Figure 32: SEM micrographs of Synthesized LiCoO2 

The SEM micrographs shown in fig. 32 depicted irregular shaped grains of 

synthesized LiCoO2 particles throughout the sintered body. 
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4.6 Comparison with Literature Data: 
 

Table 10 compares the achieved results with various references found in studied 

literature. It could be mentioned that, the cobalt recovery has been comparable but 

the lithium recovery is relatively low. The purity and crystallinity of the synthesized 

lithium compound (Li2CO3) has been found to be excellent. Another remark could 

be made to the current work as it uses a moderate concentration of leaching acid 

and operating temperature with a greater time to minimize the process complexity 

and possible operating cost.   

Table 10: Comparison with literature data 

Reagents 
Temp. 

(◦C) 

Time 

(min) 

S/L 

Ratio 

(g/L) 

Efficiency Source 
Types 

Concentration 

(mol/L) 

Co-additive 

(vol. %) 

HCl 4 — 80 60 100 
Li: 99%, Co: 

99% 

Zhang et al.66 
HCl and 

NH2OH 
2 — 80 30 100 

Li: 95%, Co: 

97% 

H2SO3 6 — 60 30 100 
Li: 65%, Co: 

65% 

HNO3 and 

H2O2 
1 1.7 75 60 20 

Li: 85%, Co: 

85% 
Lee and Rhee17 

HCl 4 — 80 120 — 
Li: 97%, Co: 

99% 
Li et al.27 

H2SO4 and 

H2O2 
2 6 60 60 100 

Li: —, Co: 

98% 
Kang et al.27 

Citric acid 

and H2O2 
1.25 1.0 90 30 20 

Li: 100%, 

Co: 90% 
Li et al.56 

HCl and 
H2O2 

3 5 60 1440 20 
Li: 30%, 
Co: 99% 

This work 
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CHAPTER 5 
CONCLUSION 
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CONCLUSION 
 

The ever increasing use of energy storage devices has become a worldwide 

environmental concern erected from electronic waste. The valuables lying in such 

waste have justifiably created the urgency for the development of sustainable 

recovery processes. The current work finds its objectives on such urgency, and 

emphasizes on Lithium ion batteries (LIB) used in laptop computers. 

The study shows the labor intensive low cost dismantling process that readily 

recovers reusable/ recyclable Copper foils, steel casings and polymeric parts with 

minimum health and environmental hazard. The chemical treatment and leaching 

process successfully excavates the metallic aluminum current collector as valuable 

Alumina and fine quality graphite. The leaching was done by 3M HCl with a solid to 

liquid ration of 1:20, aided by 5% H2O2. Cobalt was precipitated out of the leach 

solution as Co(OH)2 by NaOH at around pH 11, and later turned to Co3O4 by 

thermal decomposition at 650°C for 1 hour. Lithium was recovered as Li2CO3 by 

the saturated Na2CO3 treatment around 100°C. The efficiency of recovery process 

was 99% and 30% (by mass) for Co and Li respectively.  

The successful synthesis of LiCoO2 from the Co3O4 and Li2CO3 precursors was 

carried out at 950°C for minimum 6 hour duration with additional air supply. The 

phase identification was comparable to the original LiCoO2 found in the LIB. 

Different characterization techniques have proven the process to be efficient, simple 

and cost effective.  
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