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Abstract 

This thesis aims to design and develop environmentally friendly 

process by using mineral processing technique in liberating and 

concentration positive electrode active material. The original 

contribution to the body of knowledge is related to the unique 

insights into the selective liberation of lithium-ion battery (LIB) 

by applying cutting mill and attrition scrubbing aim at 

concentrating LiCoO2 particles. 

The current research practice often involves the use of organic 

solvent such as n-methyl-pyrrolidone (NMP) to dissolve the 

polyvinylidene fluoride (PVDF) to obtain LiCoO2 concentrate. 

However, the use of mechanical treatment to effectively 

liberate LiCoO2 is still under examined. 

This study is carried out by employing mineral processing 

techniques. The initial liberation by using only cutting mill 

produce selective liberation with optimum cut point of 850 µm. 

However, 56.3 wt% of LiCoO2 active materials are still held 

together by the PVDF binder and laminating the surface of the 

current collector in the size fraction of > 850 µm. This result 

suggests that the selective liberation by only using cutting mill 

is sub-optimum. 

The lack of liberation prompted the use of attrition scrubbing 

as a secondary stage of mechanical treatment. Attrition induces 

abrasion and it is shown to effectively liberate the LiCoO2 

particles. The proof of concept shows 80.0 wt% LiCoO2 particles 

can be recovered in the size region of < 38 µm with 7.0 wt% 

aluminium and 6.1 wt% copper recovery, making attrition 

scrubbing a suitable second stage mechanical treatment for the 

recovery of LiCoO2 particles. The relative breakage rate 

between LiCoO2, copper and aluminium during attrition have 
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also been studied. To further the discussion, parameters 

affecting attrition scrubbing liberation have been studied and 

presented. 

The proof of concept to further separate the attrition product 

have also been reported. The separation techniques involve 

electrostatic separation to separate copper and aluminium in 

the larger size fraction (> 38 µm) and froth flotation to separate 

the graphite from the finer size region (< 38 µm).  
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1.1 Rechargeable batteries 

Energy is the basis of our modern lifestyle.  The majority of our 

global energy needs are met from burning fossil fuels. Wind and 

solar energy are present throughout the world and can be 

converted locally into electrical energy. The electrical energy 

derived from such sources requires a degree of concentration 

prior harvesting, and its sporadic nature has challenged its on-

demand availability therefore storage solutions are required. 

Nature stores energy in many sophisticated forms and this 

stored energy has benefited the entire human population. With 

fossil fuels, nature’s energy is stored as chemical energy. Fossil 

fuel marks the storage of solar energy over hundreds of millions 

of years. Fossil fuel is converted into energy using combustion 

producing greenhouse gases and other pollutants which have a 

significant environmental effect. In a shorter time-frame, 

nature stores energy in the form of biomass and hydropower 

which can be used to produce electricity. Solar and wind 

provide a potentially abundant source of energy. The currently 

challenge is to convert solar and wind energy into on-demand 

energy sources that are available at all times. To overcome the 

sporadic nature of renewable energy, electrochemical energy 

storage has been gaining importance. 

The use of electrochemical energy storage has become an 

everyday requirement in our daily life in the form of batteries 

which are needed to power everything from mobile phones to 

cars. Such electrochemical technologies have offered the 

interconversion of electrical and chemical energy on a minute 
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by minute time-frame. A battery cell consists of two 

electronically conductive electrodes. The positive and negative 

electrode are separated from each other by an electrolyte. 

There are two types of batteries that can be found on the 

market; based on whether it can be recharged or not. Small, 

low power consumption electronics such as a TV remote may 

use the non-rechargeable battery as its power source. However, 

for more complex electronic equipment that requires higher 

power consumption such as mobile phones and electric vehicles, 

rechargeable batteries are used as it produces less waste and 

is more cost-effective in the long run. 

The invention of rechargeable batteries have allowed us to have 

a mobile and reliable access to electricity. Rechargeable 

batteries can only be used for a certain number of cycles of 

charging and discharging before they begin to fail and require 

replacing with new batteries. This irreversible process is ageing, 

and is a time-progressive decline in the capability and 

functionality of a battery. The second law of thermodynamics 

states that the natural tendency of things is to increase in 

disorder, also known as entropy. The second law of 

thermodynamics also holds a deep and profound implication; 

that is, time always flows in the direction of increasing entropy. 

This by implication means that ageing is irreversible as well and 

batteries have finite life.  

The demand for rechargeable batteries is increasing every year 

with no evidence on how to combat the ageing process. This 

has led to a large increase in the number of rechargeable 

batteries requiring disposal or recycling. 

Rechargeable batteries are available on the market in many 

different types; the most common types include lead-acid 

battery, nickel cadmium (Ni-Cd) batteries, nickel-metal hydride 
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(NiMH) batteries, and lithium-ion (Li-ion) batteries. From the 

different types of rechargeable batteries in the market, the 

lithium-ion battery (LIB) is still the main choice for most 

consumer electronics. 

 

Figure 1-1 – Comparison of the different batteries technologies in 

terms of volumetric and gravimetric energy density (Tarascon and 

Armand, 2001). 

Figure 1-1 shows that lithium-based batteries can be 

manufactured smaller and lighter while having equal amount of 

stored energy compared to other rechargeable batteries. This 

has allowed the domination of LIB in all type of consumer 

electronics. Today most portable electronic devices and electric 

vehicles are being extensively powered with LIB’s (Crawford et 

al., 2018). Furthermore, presently LIBs meets most of the 

requirements dictated by the large volume of the applications 

linked to renewable energy (Winslow et al., 2018, Crawford et 

al., 2018). With the ever-growing need for LIBs, a large amount 
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of LIBs consequently enter the waste stream (Huang et al., 

2018). Moreover, the LIBs contain highly critical metal 

resources and are defined as hazardous waste. They require 

special treatment and especially  recycling to minimise the risk 

to the environment  and the  depletion of critical metals 

(Olivetti et al., 2017). 

1.2 The Lithium-ion battery 

 

Figure 1-2 - Main components of a LiCoO2/ graphite battery cell 

(current direction for discharging mode only; re-drawn from (Gallo 

et al., 2016)). 

A battery may consist of one or several cells that may be 

connected in series or parallel. In its conventional form, the 

main component of LIBs cell comprises of a graphite negative 

electrode (e.g. mesocarbon microbeads, MCMB) with a copper 

foil current collector, a positive electrode formed by a lithium-

transition metal-oxide (Li-M-O2, e.g. LiCoO2) with an aluminium 

current collector, a liquid electrolyte consisting of lithium salts 

(e.g. LiPF6) in a mixed organic solvent (e.g. ethylene 

carbonate-dimethyl carbonate, EC-DMC), all imbedded in a 

separator layer (e.g. polypropylene/ polyethylene, PP/PE). The 

active materials for positive and negative electrode are in the 

form of powder, cast onto the current collector and held by a 
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binder, commonly polyvinylidene fluoride (PVDF) (Zeng et al., 

2014, Moradi and Botte, 2016). During discharging, Li+ ions 

move from the negative electrode to the positive electrode, 

through the non-aqueous electrolyte and separator diaphragm 

while the reverse process occurs during charging (Figure 1-2). 

The Li+  ions are nested in the porous electrode active materials 

in a process known as intercalation (Su et al., 2012). 

Although LIBs represent a great success in modern 

electrochemistry, they are still susceptible to ageing, causing 

capacity loss and cell impedance and need to be replaced. 

During the first charge, a solid interface on the 

electrolyte/graphite electrode in naturally created, termed the 

Solid Electrolyte Interphase (SEI) (Arora and White, 1998). The 

SEI plays an important role in protecting the negative electrode 

from corrosion and electrolytes from reduction (Gallo et al., 

2016, Peled and Menkin, 2017). However, the SEI is unstable 

as it works outside the design voltage. Lithium plating can also 

occur as a side reaction, where lithium ions are reduced to 

metallic lithium instead of intercalating into the negative 

electrode active material (Ecker et al., 2017). The plated 

lithium is highly reactive and reacts directly with the electrolyte 

creating the SEI (Leng et al., 2017). This causes the SEI to 

develop over time, which induces the continuous loss of lithium 

ions and electrolyte decomposition. Further cycling of LIBs also 

results in exfoliation of the graphite electrode and a structural 

change in the positive electrode active materials (Leng et al., 

2017, Song and Jeong, 2018). Intensive research is still 

required in developing an optimum SEI and better positive 

electrode active materials to prolong the LIB lifespan (Blomgren, 

2017, Peled and Menkin, 2017). 
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As the demand for LIBs has increased, this has led to a large 

amount of waste being generated. Spent LIBs are considered 

to be hazardous waste and should not be released into the 

environment (Winslow et al., 2018). However, the collection 

and recycling rates of LIBs are low (Gu et al., 2017). In the 

past decade, LIBs contained within consumer electronics were 

relatively small in size and were generally stored by the 

consumer or disposed of improperly through landfill at the end-

of-life. There is the need to tackle the LIB waste stream now as 

it will promote the circular economy and mitigate resource 

scarcity (Prieto-Sandoval et al., 2017, Swain, 2017). This has 

led to extensive research into the processing for the recovery 

of valuable metals found in spent LIBs. 

LIBs are made from several different components as previously 

described. The positive electrode active materials being the 

most targeted component for recycling, which is where the 

incentive of LIBs recycling originated (Richa et al., 2017). To 

date, LiCoO2 is the most common positive electrode active 

material found in small devices due to its high tap density and 

maturity in its production (Zhou et al., 2017). Electric vehicles 

are more likely to use nickel-rich, LiNixCoyMnzO2 (x>0.6, NMC), 

active materials with the current day generation employing 

LiNi0.5Co0.2Mn0.3O2 (NCM523) due to its higher energy density 

(Schipper et al., 2017). For this reason, modern high energy 

density LIBs tend to contain imbedded cobalt, which have the 

highest commodity value when compared to other battery 

components (Table 1-1).  
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Table 1-1 - Price comparison of metals found in spent LIBs (LME, 

2019, SMM, 2019). 

Metal Price (US$ tonne-1) 

Cobalta 31,500.00 

Nickela 15,755.00 

Lithiumb* 13,000.00 

Coppera 5,675.00 

Aluminiuma 1,746.00 

Manganesea 1,592.00 

Irona 294.00 

aLondon Metal Exchange (23rd August 2019) 

*Price of Lithium Hydroxide (LiOH) 

bShanghai Metal Market (23rd August 2019) 

 

Next-generation nickel rich active materials are in development. 

Probabilistic estimates, up to 2030, show an improvement in 

battery chemistry and manufacturing are possible, leading to 

cost reduction and performance improvement. However, these 

estimates are not inevitable (Few et al., 2018). This uncertainty 

plays an important role in the recovery of positive electrode 

active materials. 

1.3 Research landscape of lithium-ion battery recycling 

Current strategies to recover positive electrode active materials 

from LIBs may be classified into four major categories: (1) 

Physical process, (2) Chemical process, (3) Bioleaching, and (4) 

Resynthesizing. 

1.3.1 Physical processes 

Physical processes are pre-treatment steps to liberate and 

concentrate positive electrode active materials from other 

components such as current collectors and binders to facilitate 
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the downstream processes. Physical processes exploit the 

different physical characteristics of different components 

contained within LIBs. The difference in the physical property 

of LIBs components such as density, magnetic properties, 

conductivity, solubility, and hydrophilicity are the foundation of 

physical separation. 

The mechanical separation processes aim to concentrate 

positive electrode active materials by means of crushing 

(Diekmann et al., 2017, Wang et al., 2016c, da Costa et al., 

2015, Zhang et al., 2014a), sieving (Wang et al., 2016c, Zhang 

et al., 2014a, Zhu et al., 2011), flotation (He et al., 2017b, Yu 

et al., 2017, Yu et al., 2018, Zhang et al., 2014b, Zhan et al., 

2018), gravity separation (Diekmann et al., 2017, da Costa et 

al., 2015, Zhu et al., 2011, Marinos and Mishra, 2015, Bertuol 

et al., 2015), and magnetic separation (Gratz et al., 2014). 

Liberation 

The liberation is carried out via size-reduction or comminution 

techniques that expose the desired material as well as giving 

size range adjustment. Prior to liberation, LIBs require 

discharging to minimise the fire hazards associated with 

potential runaway reactions during mechanical liberation 

processes (Diekmann et al., 2017). Other precautions can also 

be carried out such as using an inert atmosphere as well as 

low-temperatures (Diekmann et al., 2017, Dorella and Mansur, 

2007). 

Size-based separation (sieving) 

Sieving is a preliminary physical process following liberation. 

The aim of sieving is to separate different materials based on 

size. Several researchers suggest that the materials contained 

within the LIBs are reduced to different size ranges (Zhang et 
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al., 2013, Yu et al., 2018, Silveira et al., 2017). For instance, 

the electrode active materials are concentrated in the finer size 

region (< 1 mm) while the polymeric materials, current 

collector, and chassis are concentrated in the coarser size 

fraction (> 1 mm) (Wang et al., 2016c). The combination of 

liberation and sieving allows the various components to be 

separated into a controllable range of particle size. The benefit 

of liberation and sieving also suggested being useful for the 

downstream process, such as leaching (Shin et al., 2005). 

Flotation 

Flotation is a physicochemical process that exploits the 

difference in the surface wettability of different component. The 

particles that is hydrophobic or made hydrophobic is floated 

and collected as lauder. Whereas the hydrophilic particles are 

collected as sink. Positive electrode active materials are 

hydrophilic and graphite negative electrode active materials are 

hydrophobic (Zhan et al., 2018). However, it requires the prior 

removal of PVDF binder that is hydrophobic (Zhang et al., 

2014b). Thus, surface modification is carried out before 

flotation (Yu et al., 2017, He et al., 2017b). 

Density separation 

The gravity separation allows the separation of different 

components based on their difference in density. The difference 

in density would result in a different relative movement when 

subject to a flowing media such as air (Diekmann et al., 2017, 

Bertuol et al., 2015). Other components which contain ferrous 

metals can be separated using magnetic separation (Shin et al., 

2005, Xu et al., 2008).  
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1.3.2 Chemical processes 

Chemical processes include a process that inherently alters 

either the atomic, molecular composition or the structure of a 

component involved. Chemical process can be broken down 

into thermal treatment, mechanochemical, leaching, 

purification (i.e. precipitation and extraction) which recover 

cobalt and lithium in the form of a compound. 

Thermal treatment 

Thermal treatment includes the heating of materials at an 

elevated temperature to remove certain component such as 

polymeric material, binder, and electrolytes from spent LIBs to 

liberate active materials from the current collector (Zheng et 

al., 2016, Lee and Rhee, 2002, Zhang et al., 2016, Sun and 

Qiu, 2011, Lu et al., 2013). Other than being the removal of 

the certain component inside LIBs, a form of thermal treatment 

called pyrolysis is able to produce compound or pristine 

electrode active materials (Hu et al., 2017, Li et al., 2016, Xiao 

et al., 2017b, Xiao et al., 2017a). 

Thermal treatment often requires demanding gas emission 

standard and high energy requirement. The simplicity of 

thermal treatment has been outweighing by the potential 

pollution it can be generated. In practice, thermal treatment 

often used as a pre-treatment process prior to any other 

processes. 

Mechanochemical 

Mechanochemical process refers to the chemical process that is 

driven by mechanical energy, which often supplied by high 

energy milling (Ou et al., 2015, Baláž et al., 2013). Other than 

size reduction, the mechanochemical process inherently differs 

from a mechanical process in which the crystal structures of the 
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active materials in LIBs have been altered. Mechanochemical 

often used as a pre-treatment process to facilitate leaching by 

forming a readily dissolve compound by means of chelating 

agent or surface active grinding media (Zhang et al., 2000, 

Guan et al., 2016, Wang et al., 2016b, Saeki et al., 2004, Wang 

et al., 2017). 

Leaching 

Leaching is the transfer of metals from active materials into 

solution. This is done by employing acidic or alkaline lixiviant 

to dissolve cobalt and lithium. The selectivity towards the 

metals being used can also be adjusted such as in the case of 

nickel and cobalt, in which it forms a stable ammonia complex 

(Ku et al., 2016, Zheng et al., 2017b). In the same way as 

thermal treatment and mechanochemical treatment, leaching 

is considered to be a pre-treatment process. The leaching 

efficiencies would set the trajectory of the following purification 

and hence the overall recovery of metals. 

Researchers have extensively studied the use of acid leaching 

to achieve high leaching efficiencies of both cobalt and lithium 

by means of HCl (Li et al., 2009b, Barik et al., 2017, Wang et 

al., 2009, Li et al., 2009a, Takacova et al., 2016, Zhang et al., 

1998, Liu and Zhang, 2016), H2SO4 (Nan et al., 2005, Shin et 

al., 2005, Zheng et al., 2016, Meshram et al., 2015b, Li et al., 

2017a, Zhu et al., 2012, Swain et al., 2007, Kim et al., 2014, 

Ferreira et al., 2009, Jha et al., 2013b, Mantuano et al., 2006, 

He et al., 2017a), HNO3 (Lee and Rhee, 2002, Kim et al., 2014, 

Castillo et al., 2002), and H3PO4 (Chen et al., 2017, Pinna et 

al., 2017, Meng et al., 2017). To achieve high efficiency, 

leaching with the presence of reductant such as H2O2, Na2S2O3 

or glucose are often employed to manipulate the metal 

oxidation states (i.e. Co3+  converted to a more soluble Co2+) 
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(Meshram et al., 2015b, Meng et al., 2017, Granata et al., 

2012a, Meshram et al., 2015a, Tanong et al., 2017, Joulié et 

al., 2017, Pagnanelli et al., 2014, Wang et al., 2012b). However, 

leaching with a strong acid such as HCl, HNO3, and H2SO4 may 

potentially cause secondary pollution problems (toxic gas and 

water emission) being the downside of this method. To 

eliminate the pollution problems that have been encountered 

by the mineral acids, the use of organic acid has been gaining 

popularity in the recent years (Li et al., 2018b, Zeng et al., 

2015, Chen et al., 2015b, Chen et al., 2016c, Nayaka et al., 

2016c, He et al., 2016, Li et al., 2015b, Gao et al., 2017, 

Nayaka et al., 2016b, Li et al., 2010b, Li et al., 2010a, Sun and 

Qiu, 2012, Li et al., 2013a, Nayaka et al., 2015, Nayaka et al., 

2016a, Golmohammadzadeh et al., 2017). 

Leaching has been explored to an extent that the mechanisms 

have been well understood. There are four leaching mechanism 

models which have been investigated for kinetic studies; the 

shrinking core (Zheng et al., 2017b, Jha et al., 2013b, Zeng et 

al., 2015, He et al., 2016, Gao et al., 2017), the empirical 

(Meshram et al., 2015b, Chen et al., 2017, Meshram et al., 

2015a), Avrami (Zhang et al., 2015), and the revised cubic rate 

law (He et al., 2017a). From the four leaching models, the 

shrinking core models achieve the most agreement within the 

literature. The shrinking core models explain that the particles 

undergo loosening-breaking-shrinking change during the acid 

leaching process. In accordance with the shrinking core model, 

the leaching reactions are subject to liquid film mass transfer, 

surface chemical reactions, and residue layer diffusion. 

Chemical precipitation 

The metals dissolved during leaching can be made into a 

separable solid substance from the solution. This is done by 
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changing the composition of the solvent to change the solubility 

and precipitate the metal of interest. For example, the cobalt 

and lithium from leach liquor can be recovered through 

precipitation, in which insoluble compound is from via 

precipitants such as sodium hydroxide, oxalic acid, ammonium 

oxalate, and sodium carbonate. The precipitated compound 

that have been reported include cobalt hydroxide (Contestabile 

et al., 2001, Pegoretti et al., 2017), cobalt oxalate (Nan et al., 

2005, Li et al., 2017a, Chen et al., 2015b, Nayaka et al., 2016b, 

Sun and Qiu, 2012, Nayaka et al., 2015, Wang et al., 2016a, 

Chen et al., 2011), lithium phosphate (Yang et al., 2017b, 

Pinna et al., 2017, Chen et al., 2015b, Guo et al., 2017), and 

lithium carbonate (Nan et al., 2005, Zhu et al., 2012, Granata 

et al., 2012a, Gao et al., 2017). 

Other than to recover the precious elements contained within 

spent LIBs, precipitation has been proposed to remove trace 

amount of impurities such as iron, copper, or aluminium 

(Granata et al., 2012a, Chen et al., 2011, Zheng et al., 2017a, 

Joo et al., 2016b). However, the removal of impurities have not 

been adopted by many and still relies on manual dismantling 

and aluminium dissolution using NaOH followed by calcination 

to remove binder (Senćanski et al., 2017, Ziemann et al., 2018) 

or dissolution of binder by using N-Methyl Pyrrolidone (NMP) to 

obtain a high grade positive electrode active materials 

concentrate prior leaching (He et al., 2015, Xin et al., 2016, 

Nayaka et al., 2016c). 

Also, the chemical precipitation separation process requires 

careful control of parameters related to different solubility for a 

different compound such as pH and temperatures.  
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Solvent extraction 

Solvent extraction is a process in which a two-phase system 

exists, which contains an organic and an aqueous phase. The 

separation is achieved by the concentration gradient in different 

phases and carried out after leaching. High selectivity 

extractant has been reported, such as bis-(2,4,4-tri-methyl-

pentyl) phosphinic acid (Cyanex 272)(Granata et al., 2012b, 

Jha et al., 2013a, Kang et al., 2010, Nan et al., 2006, Pagnanelli 

et al., 2016, Pranolo et al., 2010, Swain et al., 2008), 

phosphonic acid mono-2-ethylexyl ester (PC-88A) (Suzuki et 

al., 2012, Joo et al., 2015, Wang et al., 2012a), triocetylamine 

(TOA) (Suzuki et al., 2012, Virolainen et al., 2017), and di-(2-

etylhexyl) phosphoric acid (D2EHPA) (Granata et al., 2012b, 

Pagnanelli et al., 2016, Chen et al., 2015a, Joo et al., 2016a), 

and able to separate specific transition metals while leaving 

lithium ion in the aqueous solution. 

Solvent extraction only requires ambient temperature with a 

relatively short amount of time to produce high purity metal 

products. The downside of this process lies in its complexity 

and the high cost of solvent. 

Apart from the chemical processes described above, other 

processes such as recrystallization and electrodeposition have 

also been extensively studied (Ferreira et al., 2009, Barbieri et 

al., 2014a, Barbieri et al., 2014b, Freitas et al., 2010, Lupi et 

al., 2005). 

1.3.3 Bioleaching 

Bioleaching combines chemistry, biology, and metallurgy, 

which requires further attention to understand its potential. 

Recently, bioleaching of spent LIBs has gained attention from 

researchers (Li et al., 2013b, Bahaloo-Horeh and Mousavi, 
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2017, Cerruti et al., 1998, Horeh et al., 2016, Mishra et al., 

2008, Xin et al., 2009). Bioleaching is carried out by employing 

chemolithotropic and acidophilic bacteria to produce 

metabolites such as sulphuric acid and ferric ions to facilitate 

leaching with elemental sulphur and ferrous ions as substrate 

(Li et al., 2013b, Mishra et al., 2008, Xin et al., 2009). Other 

than bacteria, fungi have also been reported to produce organic 

acid that facilitates dissolution (Bahaloo-Horeh and Mousavi, 

2017, Horeh et al., 2016). 

1.3.4 Re-synthesis of positive electrode active material 

To have a closed loop recycling process that relies on 

hydrometallurgy, it is then important to be able to re-synthesis 

the solutions obtained from acid leaching. The new positive 

electrode active materials can be re-synthesis via thermal 

treatments (Nie et al., 2015, Zhang et al., 2016, Chen et al., 

2016a, Chen et al., 2016b, Kim and Shin, 2013, Zhang et al., 

2014c, Song et al., 2017), co-precipitation (Gratz et al., 2014, 

Zheng et al., 2017a, Zou et al., 2013, Sa et al., 2015b, Weng 

et al., 2013, Sa et al., 2015a), and sol-gel methods (Li et al., 

2017b, Yao et al., 2015, Yao et al., 2016a, Li et al., 2018a). 

Re-lithiation is another type of resynthesizing in which positive 

electrode active materials were treated by adding lithium via 

electrochemical or thermal treatment into the positive 

electrode active material crystal without going through leaching 

(Ganter et al., 2014, Kim et al., 2004).  
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1.4 Pyrometallurgical treatment 

Pyrometallurgical or thermal treatment involves the smelting of 

battery components at elevated temperatures. This process 

only allows metallic elements to be recovered. Components 

such as polymeric materials and graphite were burned off or 

serve as a reductant for some of the metals (Dunn et al., 2014, 

Gaines et al., 2011, Moradi and Botte, 2016).  

 

Figure 1-3 – Schematic diagram of Umicore pyrometallurgical 

battery recycling process, re-drawn from (Sonoc et al., 2015). 

Umicore, Belgium, has developed the VAL’EASTM process for 

recycling batteries, including LIBs (Figure 1-3). The process is 

based on pyrometallurgical methods. The spent LIBs are 

introduced to a high temperature (1400oC) smelter with no pre-

treatment processes (Moradi and Botte, 2016). The organics 

materials such as plastics, electrolytes, and solvent are burnt. 

On the other hand, graphite present acts as a reducing agent. 

The alloy product is then treated via leaching to recover the 

cobalt and nickel as a precursor. Whereas, the lithium, 

aluminium, and manganese is loss as slag. 
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To date, pyrometallurgical treatment is not considered a 

suitable choice for LIBs recycling. Pyrometallurgical treatment 

is neither economically feasible nor environmentally friendly. 

While most metals are recovered as elements by this process, 

lithium and aluminium are end up in the recycling slag and not 

economically feasible to be recovered (Gaines et al., 2011). 

Umicore claims that the use of recycled cobalt would reduce the 

energy required to produce LiCoO2 active materials by 70 % 

(Gaines et al., 2011). However, this process has not taken into 

account the potential cobalt reduction in the manufacturing of 

LIBs in the near future. Cobalt has been the most expensive 

elements in a battery component. A reduction in the amount of 

cobalt found in LIBs would be made the Umicore’s processes 

uneconomical. 

1.5 Hydrometallurgical treatment 

 

Figure 1-4 – Schematic diagram of Toxco recycling process, re-

drawn from (Gaines et al., 2011). 

Hydrometallurgical processes involve the use of acid or base to 

leach the components inside the LIBs and are followed by 
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purification processes such as chemical precipitation, filtration, 

solvent extraction, and electrochemical winning. This method 

allows the total recovery of metal components in LIBs. Negative 

electrode active materials may also potentially be recovered in 

this process. 

Most of the developed commercial recycling processes for LIBs 

are the hydrometallurgical processes. Toxco Incorporated, has 

developed a series of low temperature mechanical and chemical 

processes to recover key components in spent LIBs (Figure 1-4). 

Lithium dissolution is carried out during milling using hammer 

mill (Saloojee and Lloyd, 2015). There are three streams of 

materials from the Toxco process. The first stream contains 

mainly plastics. The second stream is rich in cobalt, copper, 

nickel, and aluminium. The third stream contains cobalt and 

other metal oxide. It is not clear in open literature whether 

cobalt is separated from other metals and this is achieved 

(Kellner and Goosey, 2019). Lithium carbonate is separated 

from the resulting solution by using soda ash. 

AEA Technology Batteries, United Kingdom, have designed and 

developed a sequence of mechanical treatment, solvent 

extraction, and electrochemical processes for the recovery of 

LIBs (Lain, 2001). The electrolyte is recovered through 

extraction. The active materials are detached from the current 

collector by dissolving the binder followed by filtration. The 

separated positive and negative electrode active materials are 

free from current collectors, plastics, and steel. Eventually, the 

lithium and cobalt are separated using an electro-reduction 

process that reclaims lithium and cobalt in its elemental form. 
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1.6 Direct physical treatment 

The direct physical process is designed for the recovery of key 

components in its original form as it is found in spent LIBs. The 

process involves a series of mechanical processes with low 

temperature and energy required to separate the battery 

components. This process can recover all active materials and 

metals, except for the separator. In order to turn the recovered 

materials into battery grade materials, an extra step of 

purification or activation is required (Moradi and Botte, 2016). 

However, such a process is still in development and not 

commercialised yet (Dunn et al., 2014). 

 

Figure 1-5 – Schematic of Eco-Bat direct physical recycling process 

for spent LIBs with LiMn2O4 positive electrode active material (Dunn 

et al., 2014). 

Eco-Bat Technologies, mainly focussed on closed loop recycling 

of lead-acid batteries (the materials recovered can be re-used 

to fabricate fully functioning lead-acid battery), have developed 

a bench-scale LIB recycling process (Moradi and Botte, 2016). 

The components are recovered as high-quality battery grade 

materials. The process is shown in Figure 1-5, and it is noted 

that there is minimum energy consumption in separating and 

concentrating the key components of LIBs. The battery 
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undergoes minimal disassembly. To extract the electrolytes, 

supercritical carbon dioxide extraction is used. Afterwards, the 

battery undergoes size reduction. A series of separation 

processes based on the difference in electrical conductivity and 

density such as capacitor plates, a cyclonic fluidised bed, and 

solution dispersion followed by decantation and filtration are 

also used. Using this method, components such as the 

electrode active materials, chassis, and current collector are 

recovered without taking them back to elemental form. From 

this entire process, only the separator is not recycled. 

1.7 The consequence of battery chemistry for the 

recycling of LIBs 

 

Figure 1-6 – Mass per cent of all LIBs shares of the leading materials 

in 2016 forecasted to 2025 (Li et al., 2018c). 

The positive electrode active materials are the main cost when 

manufacturing of LIBs (PILLOT, 2013). The recovery of cobalt 

has been the main objective of LIB recycling due to its high 

value (Gaines, 2018). However, as the cobalt content 

decreases, due to the shift of preference of active materials 

from lithium cobalt oxide (LCO) to other types of active material 

those are relatively cheaper with higher energy density (Figure 

1-6). From Figure 1-6, the biggest increase is expected to come 

from the lithium nickel manganese cobalt oxide (NMC) battery 

chemistry. The reported composition of different LIBs with 
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different positive electrode active materials are summarised in 

Table 1-2. It can also be seen from Table 1-2 that the cobalt 

content in NMC battery is eight times lower than that of LCO. 

Table 1-2 - Different composition of LIBs with different positive 

electrode active material (Richa et al., 2014, Wang et al., 2014). 

Materials LCO LFP LMO NMC 

wt% wt% wt% wt% 

Aluminum 5.2 6.5 1.1 8.5 

Cobalt 17.3 0.0 0.0 2.0 

Copper 7.3 8.2 1.1 16.3 

Lithium 2.0 1.2 1.5 2.4 

Manganese 0.0 0.0 20.4 7.5 

Nickel 1.2 0.0 0.0 8.0 

Steel/ Iron 16.5 43.2 16.5 0.0 

Phosphorus 0.0 5.4 1.1 0.0 

Graphite 23.1 13.0 33.6 20.6 

Carbon black 6.0 2.3 0.0 2.0 

LiPF6 3.7 1.2 0.0 14.7 

EC/ Other 10.3 13.7 0.3 10.4 

Binders (PVDF) 2.4 0.9 0.0 2.8 

Plastics 4.8 4.4 20.1 4.9 

Total (wt %) 100.0 100.0 100.0 100.0 

 

Table 1-3 – Difference in recycling revenue for different active 

materials. 

Active Material Revenue* (US$)/ tonne 

LiCoO2 (LCO) 7,503.31 

LiFePO4 (LFP) 1,473.74 

LiMnO2 (LMO) 1,730.82 

LiNi1/3Co1/3Mn1/3O2 (NMC) 4,530.46 

*Does not include production cost. 
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The difference in revenue for different active materials is 

summarised in Table 1-3. The calculation assumes that the 

components in the LIB are recovered as metals, graphite is 

recovered, and organic materials are not being recovered.  

From Table 1-3, LCO batteries have the highest revenue as 

compared to other types of LIBs. The NMC revenue contains 

less cobalt, this is compensated by the higher concentration of 

lithium, nickel, manganese, and aluminium. Despite the over 

eight-time reduction of cobalt content in NMC batteries, the 

potential revenue of NMC batteries is only decreased by 39.6% 

when compared to LCO batteries. However, much of the 

developed methods have been designed for LCO batteries. The 

pyrometallurgical process developed by Umicore may not be 

economically feasible for NMC batteries (Moradi and Botte, 

2016). Both hydrometallurgical treatments developed by Toxco 

Incorporated and AEA Technology Batteries would also be 

economically questionable for batteries apart from LCO (Gaines, 

2018). The direct physical recycling process is still in 

development and not commercialised yet. 

From the three major processes reported for LIBs recycling, 

although they have not yet been commercialised, the direct 

physical recycling process is the most favoured route. 

Especially when the materials contained within a battery are 

recovered in its physical and chemical form. Moreover, the 

revenue for recycling would also increase as the positive 

electrode active materials are more valuable as a compound 

than that of the constituent elements. 
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Figure 1-7 – Comparison of positive electrode active material cost 

to constituent element cost, re-drawn from (Gaines, 2018). 

The positive side of breaking down the structure of positive 

electrode active materials into a component is that the generic 

products allow versatility of use. Meaning, the products are not 

specified to a particular positive electrode active materials 

structure and therefore can be used as an input to produce a 

wide range of material while the product of direct physical 

recycling process has a well-defined positive electrode active 

material structure. Although the retention of active material 

structure can be seen as an advantage (Figure 1-7), the input 

of this process requires prior segregation of batteries based of 

the same type of positive electrode active materials or the 

resulting product mixture would be of significantly reduced 

value (Gaines, 2018).  
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1.8 Bridging the research-industry divide 

There is the need to recycle the spent LIBs generated as it 

contains valuable metals that is finite to minimise the supply 

disruption risk. The recycling of spent LIBs has been 

extensively studied, and different processes have been 

proposed. The processes can be classified into modular 

characteristics of physical, pyrometallurgical, and 

hydrometallurgical treatment. The combination of such a 

process is often employed to achieve an acceptable separation 

and purity of precursor compounds. 

It is projected that the future positive electrode active materials 

would have a reduced content of cobalt. This then challenges 

the economic feasibility of the recycling process that has been 

implemented at the industrial scale (Ciez and Whitacre, 2019). 

Pyrometallurgical treatment would be obsolete due to several 

reasons such as; energy intensity, demanding gas emission 

standards, and loss of lithium and aluminium as slag. Therefore, 

the reported research mainly deals with low temperature 

processes. 

As far as the recycling LIBs are concerned, research 

surrounding the recovery of positive electrode active materials 

have extensively revolved around the hydrometallurgical 

recovery. This can be understood as the products of 

hydrometallurgical treatments are of versatile precursor 

products. Due to the uncertainty regarding the type of positive 

electrode active materials in the future, hydrometallurgical 

treatment appears to be a pragmatic option. 

The progress that has been made towards hydrometallurgical 

recycling of positive electrode active materials is apparent. The 

positive electrode active material solution obtained from 
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leaching can be turned into a new fully functioning active 

materials while also providing the versatility as to what type of 

positive materials is desired. However, there is a key issue that 

requires further attention. The hydrometallurgical processes 

that have been reported often rely on manual dismantling. NMP 

then used to obtain positive electrode active material powder 

that has minimum copper and aluminium contamination by 

dissolving the PVDF binder (Peng et al., 2018, Gao et al., 2019, 

Sun et al., 2018), this is not viable on an industrial scale. The 

inherent toxicity of NMP to human’s reproductive system and 

its challenging reusability means that this method may not be 

sustainable.  

The used sodium hydroxide to dissolve the aluminium current 

collector, followed by calcination has been proposed to obtain 

high-grade positive electrode active materials (Senćanski et al., 

2017, Ziemann et al., 2018). However, the recovery of positive 

electrode active materials is only second to aluminium. High-

grade aluminium contained within spent LIBs is the largest 

contributor to cell material production energy and greenhouse 

gasses (Dunn et al., 2014). Thus, this process is not 

environmentally friendly. 

The proposed hydrometallurgical processes has been hindered 

by the use of impractical methods to obtain high-grade positive 

electrode active materials. Mechanical treatment that is able to 

produce high-grade positive electrode active materials has also 

been reported to have a low yield. There is an apparent 

unbalanced landscape between the hydrometallurgical and 

physical processes. The mechanical liberation and separation of 

positive electrode active materials requires further 

improvement to be able to be retrofitted prior 

hydrometallurgical processes. 
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1.9 Aims and objective 

Therefore, the aim of this research is to design and develop an 

environmentally friendly process by using mineral processing 

techniques in liberating and concentrating positive electrode 

active materials. 

The above aim will be accomplished by fulfilling the following 

research objective: 

1. Review the literature concerning selective liberation in 

mineral processing and its elucidation in the field of LIBs 

recycling. Moreover, the literature related to the physical 

separation and concentration of positive electrode active 

materials also needs to be explored. 

2. Investigate the selective liberation of positive electrode 

active materials in a dry milled environment. 

3. Investigate the selective liberation of positive electrode 

active materials by using attrition scrubbing as a second 

stage wet liberation method. 

4. Investigate the separation method to recover other 

battery components, mainly copper and aluminium. 
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1.10 Thesis outline 

This thesis consists of 7 chapters. The following gives a brief 

description of each chapter contained. 

The current chapter, Chapter 1 gives a general background 

context and motivation against which this study was carried out. 

Introduction regarding the Lithium-ion battery as well as the 

current strategy to recover positive electrode active materials 

was briefly discussed in this chapter. Finally, the aims and 

objective of this work and the outline structure of the thesis are 

presented. 

 

Chapter 2 is a literature review concerning the required 

knowledge of two topics, namely the physical properties of 

components that are assembled to make Lithium-ion battery 

and the physical treatment to liberate and concentrate positive 

electrode active material. 

 

Chapter 3 details the experimental methodology in which the 

sample preparations and the analysis technique being 

employed are explained in this section. 

 

Chapter 4 covers the selective liberation of positive electrode 

active materials by using a cutting mill. The comparison 

between spent and pristine LIBs are made and discussed. 

 

Chapter 5 focuses on the further liberating positive electrode 

active materials by using an attrition scrubber with silica sand 

as attrition media. Parameters affecting attrition scrubbing in 
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accordance with the ability to selectively concentrate positive 

electrode active materials in the finer size region are conveyed. 

 

Chapter 6 concerns the proof of concept to separate copper and 

aluminium from the attrition media in the coarser size region 

by using electrostatic separator. Moreover, the collector-less 

flotation of graphite particles in the finer size region is 

demonstrated. 

 

Chapter 7 draws together the conclusion of this thesis and 

discusses the implication of the present findings for research 

and practice. Possible future work to advance the present 

research is suggested and discussed. 
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2.1 Introduction 

The current research landscape in lithium-ion batteries (LIBs) 

recycling has been laden with physical and hydrometallurgical 

processes. The ever-decreasing price of LIB and combined with 

the uncertainty regarding the future of positive electrode active 

materials type, has challenged the currently available 

pyrometallurgical treatment in recovering valuable materials 

from spent LIBs (Diouf and Pode, 2015, Few et al., 2018, 

Gaines, 2014). The combination of physical and chemical 

treatment has been perceived by researchers to be an 

environmentally friendlier and economically more feasible  as 

compared to pyrometallurgical treatment (Vieceli et al., 2018, 

Winslow et al., 2018, Meng et al., 2018, Diekmann et al., 2017, 

Yao et al., 2016b). One of the main reasons being the loss of 

lithium and aluminium as slag (Meshram et al., 2014). 

Furthermore, the use of high energy treatment would not be 

economically feasible to keep up with the decreasing price of 

LIBs (Diekmann et al., 2017). 

Physical treatment in the case of LIBs recycling involves the 

liberation and separation of different components contained 

within spent LIBs. The liberation of LIBs aims at exposing the 

different component of LIBs as well as giving size range 

adjustment for further separation (Zhang et al., 2013, Yu et al., 

2018, Silveira et al., 2017). The separation process following 

liberation may come in the form of magnetic separation, size-

based separation (sieving), density separation, and separation 

based on the difference on surface properties (Wang et al., 

Chapter 2  Literature Review 
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2017, Wang et al., 2016c, da Costa et al., 2015, Zhan et al., 

2018). The different types of physical processes can be 

integrated to form a single line process that allows initial 

removal of easy to separate material and producing positive 

electrode active materials concentrate. A positive electrode 

active material concentrates with a low amount of leachable 

contamination (i.e. iron, copper and aluminium) may undergo 

chemical processes and re-synthesized to make positive 

electrode active materials (Pagnanelli et al., 2017, Li et al., 

2018a, Senćanski et al., 2017, Meng et al., 2018, Yang et al., 

2017a, Yao et al., 2016b). The combination of physical and 

chemical processes allows the efficient recovery of different 

components inside LIBs. The components that do not need to 

undergo chemical treatment may be minimised in the physical 

separation stage (Liu et al., 2019a).  

From the Scopus database, by January 2020, there are 80 

papers that discuss physical processes as compared to 215 

papers that discuss chemical processes. It is apparent that 

more research articles are dedicated for chemical processes 

than physical processes. There is an imbalance research 

landscape when physical treatment is compared to chemical 

treatment. Efficient physical treatment that can produce a 

positive electrode active material concentrate with minimum 

contamination of leachable contaminations (i.e. copper and 

aluminium). This would reduce the cost incurred for subsequent 

chemical processes. It has been reported that the positive 

electrode active materials are concentrated in the finer size 

region (Zhang et al., 2013, Yu et al., 2018, Silveira et al., 2017). 

This phenomenon is the main advantages of physical treatment 

in LIBs recycling and is of a unique phenomenon. Nonetheless, 
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there is a minimum effort from the research community to 

exploit this selective liberation phenomenon. 

The fine size fraction from selective liberation comprises of 

hydrophilic positive electrode active materials and hydrophobic 

negative electrode active materials that can be further 

separated based on the surface difference. However, the 

positive electrode active materials are still laminated by the 

PVDF binder that render the particles to be hydrophobic. 

Mechanical treatment via the ball milling of active materials 

concentrate has also been reported to be able to partially 

delaminate PVDF binder that coats positive electrode active 

materials. The positive and negative electrode active materials 

can then be separated via froth flotation (Yu et al., 2018).  

The progress made in the field of the physical processing of 

spent LIBs has been minimal as compared to the chemical 

processing counterpart. Therefore, it is worthy of attention to 

study and develop mechanical processes that can be used 

either as a direct physical treatment or meet the requirement 

for the subsequent hydrometallurgical processes. 

This literature review will firstly detail the components inside 

LIBs and followed by a discussion of the pre-treatment and 

liberation of spent LIBs components to obtain positive electrode 

active materials concentrate. The physical processes related to 

the separation and concentration of positive electrode active 

materials will then be discussed. Finally, the effect of impurities 

on the re-synthesis of positive electrode active materials is 

reviewed. 

2.2 The Lithium-ion battery 

LIBs employ lithium storage compounds as the positive and 

negative electrode active materials (Blomgren, 2017). During 
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charging and discharging cycle, lithium ions (Li+) are 

exchanged between the positive and negative electrodes. The 

positive electrode active material is typically a metal oxide with 

a layered structure, as in lithium cobalt oxide (LiCoO2), or a 

material with a tunnelled structure, as in lithium manganese 

oxide (LiMn2O4), on an aluminium current collector (Reddy, 

2011). The negative electrode active material is typically a 

graphitic carbon, also a layered structure, on a copper current 

collector (Reddy, 2011). 

The electrochemically active electrode materials are lithium 

metal oxide or lithium metal phosphate for the positive 

electrode and a lithiated graphite for the negative electrode 

(Aurbach et al., 1999, Ellis et al., 2010). The materials are 

adhering on to the surface of the current collector with a binder. 

To date, the binder for the positive electrode is still 

polyvinylidene fluoride (PVDF) (Grissa et al., 2019). The 

positive electrode active materials binder requires a more 

rigorous quality than that of the negative electrode due to the 

unstable oxidation atmosphere (Yoshio et al., 2010). In 

contrast, the negative electrode can employ either PVDF or a 

styrene-butadiene rubber – carboxy methylated cellulose 

(SBR-CMC) binder (Yen et al., 2012). 

In the positive electrode fabrication process, the active 

materials are coated onto the metal foils and calendered. The 

positive electrode consists of active materials such as LiCoO2, 

Li(NixCoyMnz)x+y+z=1O2, or other types of lithium transition 

metal oxide or phosphate; a carbon-conductive agent such as 

acetylene black, ketjenblack, and graphite; and PVDF binder 

(Tagawa and Brodd, 2009). The powder solids are initially dry 

mixed and further mixed with a prepared solution of PVDF 

dissolved in N-methyl pyrrolidone (NMP). 
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The fabrication of the negative electrode has the same steps 

than that of the positive electrode but with different materials. 

Carbon or graphite is used for the negative electrode active 

material. PVDF or SBR-CMC are used for the binder. Depending 

on the binder, the solvent can be NMP for PVDF or water for 

SBR-CMC. 

The coating operation can use a slot die, reverse roll coating, 

or doctor blade coating equipment. Close control of coating 

thickness is essential to ensure that all the parts fit into the 

chassis during final assembly. Usually, a second coating is 

applied onto the opposite side to produce a double-sided 

electrode foil. The coating may be interrupted at regular 

intervals that correspond to the length of the electrode for 

winding into the cell core in preparation for winding the cell. 

Following coating, the dried electrode is compressed with roller 

press machine (calendered) to provide accurate control of 

electrode thickness and to increase the density of the electrode 

mass. After calendering, the master roll is slit to the width 

specified for cell construction and wound onto a roll for the 

winding operation. 

The positive and negative electrodes are then immersed in a 

non-aqueous lithium electrolyte. The liquid electrolytes are 

solutions of a lithium salt in one or more organic solvents, 

typically carbonates (Zhang, 2006). The electrolyte is almost 

completely absorbed into the electrode and separator materials. 

Most LIB electrolytes use LiPF6 as the salt because it offers high 

ionic conductivity and high lithium-ion transference number.  

The salt is dissolved in one or more mixture of organic solvent 

that can contain ethylene carbonate (EC), dimethyl carbonate, 

ethyl methyl carbonate (EMC), and diethyl carbonate (DEC); as 

well as some propylene carbonate (PC).  
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Inside LIB cell, the positive and negative electrode are 

separated to each other by a porous separator (Zhang, 2007). 

The separator prevents the contact of positive and negative 

electrode while allowing the lithium ions to travel. The 

separator is made of polyolefins such as polypropylene (PP), 

polyethylene (PE) or a multilayer of both PP and PE (Geiger et 

al., 1994). A three layer material of PP-PE-PP has also been 

patented and commercialised (Yu and Hux, 1999). The 

combination of PP and PE allows the cell to shut down and 

prevent explosion. The PP layer, melting point of 165oC, is 

designed to maintain the integrity of the film while the lower 

melting point of PE (135oC) is intended to shut down the cell if 

an overtemperature condition is reached, causing porosity to 

be lost, and shut down the cell. 

2.2.1 Cell identification 

  

Figure 2-1 Example of cylindrical (left) and prismatic (right) 

Lithium-ion battery assembly (Reddy, 2011). 

The LIB can be manufactured in the form of cylindrical or 

prismatic as illustrated in Figure 2-1. Once the cell assembly 

process in complete, the final step in the overall production 

process that follow are the formation and charging of the cells. 

The LIB cells are assembled in the discharged condition and 

must be activated by charging. The first charge is called 

“formation”, which activates active material in the cells and 
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establishes the ability to function. The battery then tested 

according to BS EN 61960-3:2017 for quality control and 

assurance. 

To identify the type of active materials present inside a cell, the 

International Electrochemical Commission (IEC) has developed 

standards for designation, marking, electrical testing and 

safety testing of LIB and other types of battery (IEC 61960-

3:2017/ BS EN 61960-3:2017) (British_Standard_Institution, 

2017). The IEC designation and marking system for LIB cell 

utilises five numbers for cylindrical cell and six numbers for 

prismatic battery. For cylindrical cells, the first two digit 

designate the diameter in millimetres and the next three digit 

designates the length in tenth of millimetres. For example, 

18650 cell is 18 mm in diameter and 65.0 mm in length. For 

prismatic cells, the first two digit designate the thickness in 

tenth of millimetres, the next two designate the width in 

millimetres, and the last two designates the length of the cell 

in millimetre. For example, a P564656 is 5.6mm thick x 46 mm 

wide x 56 mm long.  

Reddy (2011) have gave some example of marking found in 

commercialised LIBs; E-One Moli Energy lists an IMR26650 cell, 

which has an intercalation chemistry (I), a manganese-based 

positive electrode (M) and is round (R) or cylindrical. In addition, 

Samsung has marketed the ICR18650-30A, which is a 3.0 Ah 

cell having cobalt base positive electrode active materials. 

Lithium-ion battery (LIB) technology has become the dominant 

energy storage for many consumer electronics and electric 

grids (Blomgren, 2017). Despite the advancement of battery 

technology, present LIBs meet most of the requirements 

dictated by the large volume of the application linked to 

renewable energy and electric transportation field (Winslow et 
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al., 2018). The spent LIBs from electric vehicles will emerge as 

the future waste problem with at least 25 billion units and 500 

thousand tonnes of spent LIBs would be generated by 2020 

(Richa et al., 2014, Zeng et al., 2014). Therefore, there is the 

need to develop an efficient material recovery method for the 

materials found in spent LIBs. Mechanical treatments that 

include liberation and separation would be discussed further in 

the following sub-sections. 

2.3 Liberation in LIBs recycling 

2.3.1 Pre-treatment prior liberation 

Prior liberation, discharging is often carried out to minimise the 

hazard associated with runaway reactions. During liberation, 

short circuiting can produces a spark, combined with flammable 

electrolytes and the presence of oxygen leading to a fire or 

explosion (Ojanen et al., 2018). There are several ways in 

which the battery voltage can be minimised and have been 

employed by researchers; 

1. Discharging using resistor until the voltage is near 0V 

(Krüger et al., 2014). 

2. Immersion of spent LIBs for 24h in 5 wt% of NaCl solution 

(He et al., 2015, Zhang et al., 2013, Zhang et al., 2014a, 

Lu et al., 2013, Shaw-Stewart et al., 2019). 

3. The LIB can be immersed in liquid nitrogen, causing 

inactivation of galvanic elements, and also the 

temperature of all flammable materials are reduced 

below the flash point. Therefore, an ignition is prevented 

during mechanical liberation (Hanisch et al., 2015, Wang 

et al., 2016c, Li et al., 2010b). 

The lack of standardisation related to LIB assembly causes 

problems for effective and efficient discharging (i.e. prismatic 
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for mobile phone and cylindrical for electric vehicle). The 

different geometry leads to different position of the positive and 

negative poles. Cylindrical batteries would have positive and 

negative pole that are opposite to each other. Whereas, the 

prismatic battery would have positive and negative pole that is 

next to each other. Thus, it requires manual handling to 

connect the positive and negative poles to the resistor on an 

industrial scale. 

To ensure that the discharging step is viable on an industrial 

scale, the method used should be able to discharge batteries in 

bulk and of different geometry. One of the ways is to immerse 

LIB into a large volume of brine solution. By this way, the 

battery discharged through the combined effect of short-

circuiting and electrolysis of salt solution (Lu et al., 2013). 

Discharging LIB in brine solution often assume that the battery 

is discharged by electrolysis of water in which oxygen and 

hydrogen are produced and the half-reaction is described in 

Equation 2-1 and Equation 2-2 (Ojanen et al., 2018). 

Positive Electrode: 2H2O → O2 + 4e- + 4H+ 

(Eo=1.23V) 

 

Equation 2-1 

Negative Electrode: 2H+ + 2e- → H2 

(Eo=0.00V) 

Equation 2-2 

 

From Equation 2-1 and Equation 2-2 it can be seen that by 

applying voltage above 1.23V will cause water electrolysis. 

However, the above equation does not fully describe the full 

reaction and over–simplifies the system. When NaCl solution is 

used, there is also the danger of chlorine formation in the 

negative electrode. Even though the electrochemical potential 

in Equation 2-3 is higher than that of Equation 2-1, the reaction 
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described in Equation 2-1 has higher overpotential, which is the 

difference between the theoretical and the actual cell voltage 

that is necessary to cause electrolysis.  This then cause the 

reaction described in Equation 2-3 cannot be negated (Ojanen 

et al., 2018). 

Positive Electrode: 2Cl- → Cl2 + 2e- 

(Eo=1.36V) 

Equation 2-3 

 

Other than the production of chlorine gas, discharging via the 

use of brine solution may cause corrosion of the battery 

connection poles which may lead to incomplete discharge or 

even internal leakage (Lu et al., 2013, Ojanen et al., 2018). 

Given the above it may be challenging to carry out this type of 

discharging on an industrial scale. Especially as the corrosion 

would eventually lead to unwanted water contamination 

(Shaw-Stewart et al., 2019). 

Other than for the safe liberation of LIBs, minimising the 

voltage also promote safety during storage and transportation 

of LIBs. Improper handling of LIBs may be regarded as a fire 

hazard during the keeping and transporting of LIBs (Wang et 

al., 2012c). Collecting and storing batteries in an unorganised 

manner may cause unwanted contact between batteries, which 

results in short-circuiting. Such occurrence may be minimised 

by discharging prior keeping. 

From the discharging methods that have been reported, the 

discharging of spent LIBs by using resistor until the voltage is 

near zero being the least favoured options although it is 

arguably the safest discharging technique. The use of liquid 

nitrogen as to inactivate the galvanic element of the battery by 

using liquid nitrogen has also been suggested. However, due to 
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its expense may not be practical for an industrial scale. The 

convenience of battery discharging by using brine solution has 

outweighed the safety aspect of discharging. The importance of 

discharging often overlooked, although it is arguably a 

necessity to provide safe handling for both mechanical 

liberation and keeping of the batteries. Once the LIB has been 

discharged, it can then undergo comminution processes to 

liberate the materials contained within it. 

2.3.2 Selective liberation in mineral processing research 

Comminution, size reduction, or grinding are synonymous. It 

represents the breaking of material through an applied force in 

a confined compartment. In the case of LIBs recycling, 

comminution processes are employed to achieve a suitable 

degree of liberation for the different components that are 

contained within spent LIBs prior to further separation 

processes (Diekmann et al., 2017, Wang et al., 2016c, da Costa 

et al., 2015, Zhang et al., 2014a). 

Different comminution processes may result in different size 

distributions due to the predominant force acting during 

comminution as well as the milling conditions being employed 

(Hesse et al., 2017, Leißner et al., 2014a). Selective liberation 

occurs when the breakage of a component is dependent on 

material and mechanical properties (King and Schneider, 1998, 

Gaudin, 1939, Mariano et al., 2016). Thus, the different 

predominant load being applied to a mineral would also result 

in different selectivity in the product. 

The selective liberation in minerals processing has been 

reported to occur such as in the case of eudialyte bearing ore 

(Leißner et al., 2016), magnetite-bearing ore (Reichert et al., 

2015), scheelite bearing ore (Sousa et al., 2018), and lead-zinc 
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ore (Hesse et al., 2017). The occurrence of selective liberation 

will vary from ore and ore and often does not result in 

generalizable understanding, due to different studies have used 

inherently different ore sample and comminution process (Little 

et al., 2016). 

The main approach which has been used to quantify the 

selective liberation is via the measurement of phase-specific 

interfacial area before and after comminution (Fandrich et al., 

1997, Garcia et al., 2009, Xu et al., 2013). This analysis can be 

carried out from the re-constructed three dimensional image 

from X-ray microtomography (XMT) (Xu et al., 2013) or the 

two-dimensional data from Scanning Electron Microscopy – 

Energy Dispersive X-Ray (SEM-EDX) (Leißner et al., 2016). A 

reduction in the phase-specific interfacial area would indicate 

the existence of phase boundary fracture and indicates the 

selective liberation of a specific mineral (Little et al., 2016). 

One option for characterising a selective comminution effect 

and the selectivity of different material is the ore separation 

degree (ηore) Equation 2-4 (Schulz, 1970, Hesse et al., 2017). 

𝜂𝑜𝑟𝑒 = 𝑅𝑉 − 𝑅𝑊 Equation 2-4 

ηore indicates the difference between the percentage weight 

recovery of valuable RV and the waste materials RW. RV is the 

mass recovery of the valuable component below the cut point 

td relative to the valuable component. RW is the recovery of 

waste material in the same size fraction. If the concentration of 

the valuable component is dependent on the particle size, the 

ηore would then depends on the separation cut td (Figure 2-2). 
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Figure 2-2 – (Left) Example for distribution of the mass proportion 

for the component V and W; (Right) graph of the corresponding ore 

separation degree ηore (Hesse et al., 2017). 

If just the concentration of the valuable component in the feed 

(F), the product (P) and the waste (W) are known, the ηore can 

also be determined by Equation 2-5. 

 

Figure 2-3 – Distribution of the ore concentration (from Figure 2-2). 

𝜂𝑜𝑟𝑒 =
[(𝐶𝐹 − 𝐶𝑊) × (𝐶𝑃 − 𝐶𝐹) × 100%]

[𝐶𝐹 × (100% − 𝐶𝐹) × (𝐶𝑃 − 𝐶𝑊)]
 × 100%  

Equation 2-5 

The parameters are CF – the concentration in the feed material, 

CP – concentration in the product, and CW – concentration in 

the waste material, respectively as the weight percentage of 
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the valuable component. The values of CP and CW is dependent 

on separation (Figure 2-3) cut td, and therefore, the maximum 

value for ore separation degree (ηore, max) can be determined 

(Figure 2-2). 

Equation 2-5 can also be used to determine the selectivity of 

the feed material, which is the classification of materials 

without undergoing the comminution process. By this way, the 

size fraction that has the desired degree of liberation can be 

firstly recovered. The size fraction that has not met the desired 

degree of liberation may undergo further comminution if it is 

proven to be beneficial. The difference between the ηore before 

and after comminution can be used to evaluate the degree of 

selective liberation. 

 

 

Figure 2-4 Recovery plot as Fuerstenau upgrading curve as 

percentage finer (Hesse et al., 2017). 

A further method to evaluate selective liberation is to use the 

Fuerstenau upgrading curves in a recovery plot on the classified 

comminution product (Reichert et al., 2015, Leißner et al., 

2014b). By this way, the selective comminution product is 
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always separated into two fractions of a fine and coarse fraction 

by the cut point td as shown in Figure 2-4. 

From Figure 2-4, the recovery of valuable and the waste 

material can be plotted in the diagram with various cut point td 

for either percentage finer or coarser. The case shown in Figure 

2-4 is recovery plot for percentage finer. A linear diagonal line 

(Line 3) indicates that there is no selective liberation. An 

enrichment of valuable component in the fine fraction (Line 1) 

would be graphically represented as a recovery curve above the 

diagonal line. A recovery curve below the diagonal line (Line 2) 

would indicate the enrichment of valuable component in the 

coarse size fraction. 

The main difference of ore separation degree (ηore) and 

Fuerstenau recovery curve lies in its graphical representation. 

In which the optimum cut point that can compensate the 

recovery of desired and un-desired materials can be found 

(ηore,max). On the other hand, the Fuerstenau diagram gives 

graphical representation of whether or not the intended 

materials is being liberated in the finer or coarser size fraction. 

When the materials is being studied undergoes further 

comminution, the difference in area enclosed by different 

curves in Fuerstenau diagram is defined as the separation 

efficiency (Leißner et al., 2014a). 

The occurrence of selective liberation is exclusive for the 

specific ore and the comminution technique being used (Little 

et al., 2016). Hesse et al. (2017) gives an explanation of 

selective liberation that occurs in the comminution of lead-zinc 

ore with different comminution technique. The large hardness 

difference between the intended minerals of galena and 

sphalerite towards the gangue of calcite would produce a 

selective liberation. Different comminution technique would 
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result in different predominant force acting on the particles. It 

was found that the different comminution technique would 

result in different size distribution. Moreover, the predominant 

load acting during comminution is also an important 

consideration that determine the occurrence of selective 

liberation. 

The study conducted by Hesse et al. (2017) suggests that to be 

able to exploit selective comminution, it requires the knowledge 

of the desired minerals and the appropriate comminution 

technique. Where the difference in material and mechanical 

properties needs an appropriate comminution technique to 

exhibit selective liberation. The different breakage mechanism 

related to the load being applied is summarised in Table 2-1. 

Table 2-1 Definition of breakage mechanism; circles represent 

grinding media, shaded and not-shaded represent different mineral 

phases (Little et al., 2016). 

Grinding Action Grinding Outcome 

Compression 

 

 

Inter-granular fracture. 

Phase-boundary fracture. 

Grain-boundary fracture. 

 

Preferential fracture. 

Selective breakage (one 

phase break at a faster 

rate than the other). 

Impact 

 

 

Massive fracture. 

Random fracture. 

Shear/ Abrasion 

 
 

Abrasion. 

Attrition. 

Chipping. 
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Fragmentation mechanisms have attracted attention from 

researchers in the field of minerals processing. The nature of 

the comminution process relies on the intensity and the rate of 

application of stresses. The three main rupture mechanism 

have been identified (Varinot et al., 1997, Gao and Forssberg, 

1995): 

1. Abrasion which results from the local low-intensity 

surface stresses. This then leads to a bimodal particle size 

distribution comprising of fine particles taken from the 

surface of mothering particles and particles of size close 

to that of the mother particles. One characteristic is that, 

there is no immediate size particle. (size reduction by 

shear) 

2. Cleavage results from the slow application of relatively 

intense stress or compression from. This produces 

fragments of slightly smaller than the initial particles. 

3. Fracture results from the rapid application of intense 

stresses. This leads to a fragment which is relatively 

small with respect to initial particle size and having a 

relatively wide particle size distribution. (Size reduction 

by an impact) 

 

Figure 2-5 Representation of the mechanisms of particle fracture 

and its relative energy intensity (Gao and Forssberg, 1995). 
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When comparing energy consumption, the liberation by 

abrasion requires the least amount of energy intensity and 

impact liberation would be the most energy intensive (Figure 

2-5) (Gao and Forssberg, 1995). Other than the energy 

intensity requirements, the different types of load would also 

result in different particle size distributions (Figure 2-6). 

 

Figure 2-6 The dependence of particle fracture mechanisms and the 

resulting size distribution(Gao and Forssberg, 1995). (It is believed 

that compression would be the predominant force in crushers, the 

impact would be predominant force in tumbling mills, and abrasion 

would be the predominant force for the ultra-fine grinding 

machines). 

From Figure 2-6, it can be seen that abrasion gave the 

narrowest size distribution, followed by compression that has 

intermediate size distribution, and finally, the impact that 

produces the widest size distribution range. Having discussed 

the forces involved in comminution, it is important to realise 

that the forces acting in a comminution process do not occur in 

isolation but with one normally dominating. 

It is therefore, prior knowledge of materials and mechanical 

properties of the minerals in conjunction with the appropriate 

liberation technique is important to effectively exploit selective 

liberation. 
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2.3.3 Selective liberation in spent LIBs 

Currently the integration of different materials in the form of 

manufactured composites has reached a very high level. Such 

integration in the electrical and electronic equipment is to 

achieve a compact and flexible form for the consumer products. 

For example, a printed circuit board contains almost every 

element found in the periodic table. Similarly, LIB is also a 

composite of materials and manufactured in different 

geometries for different application purposes (Figure 2-7). 

 

Figure 2-7 Batteries with different geometry; a) cylindrical b) coin 

c) prismatic d) pouch (Tarascon and Armand, 2001). 

The positive and negative electrode in LIB is essentially made 

of copper and aluminium coated with its respective active 

materials. The graphite would be attached to the copper current 

collector and held together by the PVDF binder making a 

negative electrode. Similarly, lithium-transition metal-oxide 

would be cast onto the surface of the aluminium current 

collector and held together by the PVDF binder making a 

positive electrode. Inside the chassis, the positive and negative 

electrode are separated by a porous separator and immersed 
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in lithium-ion conducting electrolytes. The electrolytes have 

cyclic conductive lithium ions that are supplied by the dissolved 

lithium salts such as LiPF6. 

Comparing the assembly of naturally occurring ores and the 

assembly of LIBs, it is apparent that the arrangement of LIBs 

assembly is simpler. 

  

Figure 2-8 Example of naturally occurring ores under mineral 

liberation analysis by using SEM-EDX (Leißner et al., 2016, Hesse et 

al., 2017). 

Naturally occurring ore consist of islands of valuable minerals 

that are interlocking with the gangue, as shown in Figure 2-8.  

  

Figure 2-9 Cross-sectional picture of positive (B) and negative (C) 

electrode taken by using SEM-EDX (Kim et al., 2017, Chen et al., 

2013). 

The gangue often takes the majority of the ore portion, and the 

desired minerals exist only in small fractions. From Figure 2-9, 

much simpler geometry can be seen in the case of LIBs. The 

active materials are cast onto the current collector and held 
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together by the binder for both positive and negative electrode. 

The bonds between the active materials to the current collector 

are geometrically simple, whereas the interface of locked 

minerals is of a fractal arrangement. Therefore, liberation of 

active materials in LIB assembly can be achieved in a simpler 

way when compared to the naturally occurring ore. 

In a LIB assembly, Polyvinylidene Fluoride (PVDF) is the 

common binding agent for both positive and negative electrode 

active materials onto the current collector (Liu et al., 2019b, 

An et al., 2019). PVDF binder is used due to its amorphous 

properties that allows lithium ions to pass through a thin layer 

of swollen PVDF (Yoshio et al., 2010). From a mineral liberation 

perspective, knowing the mechanical properties of different 

components in the LIBs is important as it would set the 

trajectory of whether or not selective liberation would be 

exhibited. From the morphology of positive and negative 

electrode in Figure 2-9 it is hypothesized that the liberation of 

positive and negative electrode active materials can be 

achieved through liberation via detachment. However, such 

understanding has never been reported or explored. Hence, 

comminution based on abrasion would be beneficial where 

scouring can induce detachment of active materials. 

The comminution of LIBs has been reported to be of a selective 

phenomenon (Zhang et al., 2013, da Costa et al., 2015, Zhang 

et al., 2014a, Zhang et al., 2014b, Wang et al., 2016c). The 

positive and negative electrode active materials can be 

concentrated without over crushing of other battery 

components (i.e. copper and aluminium) (Zhang et al., 2013). 

The positive and negative electrode active materials are being 

enriched in the finer size region (ca. <1 mm), while the coarser 

size fraction contains the chassis, the separator, aluminium foil 
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and copper foil (ca. >1 mm) (da Costa et al., 2015, Zhang et 

al., 2013, Wang et al., 2016c). However, the efficiency of 

selective liberation is not often explicitly discussed. Much of the 

conclusions imply that the different size fractions would 

concentrate different components of batteries such that the 

chassis would be in the biggest size fraction, a current collector 

in the intermediate size fraction, and the positive and negative 

electrode active materials in the finer size fraction. 

Zhang et al. (2014a) have reported the elemental composition 

of spent LiCoO2 LIBs. Their findings reveal that the elements in 

the spent LIBs are mainly carbon, oxygen, copper, cobalt, 

aluminium, fluorine. A small amount of manganese was found 

with a concentration of less than 5 wt%. Other elements such 

as silicon, phosphorus, iron, calcium, tin, titanium, sulphur, 

lead, nickel, magnesium, chlorine, bromine, and zinc are found 

as traces (i.e. <1wt%). Moreover, from the X-Ray Diffraction 

(XRD, Bruker D8 advance, Germany) analysis, it was also found 

that there are no structural changes on the positive electrode 

active material crystals before and after shredding (Zhang et 

al., 2014a). 

From the findings reported by Zhang et al. (2014a); it is 

understood that the main metallic components found in spent 

LiCoO2 LIBs are aluminium, copper, and cobalt. Moreover, the 

mechanical liberation does not induce structural changes on to 

the positive electrode active materials. The positive electrode 

active material is LiCoO2. Hence, the recovery of positive 

electrode active materials can be determined by one of the 

elements from its compound in this case Cobalt. Also, the 

recovery positive and negative electrode foil can be calculated 

based on the detection of aluminium and copper respectively. 
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Wang et al. (2016c) reported the combination of selective 

liberation of positive electrode active materials with size-based 

separation to concentrate LiCoO2 from spent cylindrical LIBs. A 

commercial granulator with 7 mm grid was used (cutting mill, 

EconoGrind 180/180). From the findings, the size-recovery 

hierarchy for the pre-recycling process was proposed (Figure 

2-10). 

 

Figure 2-10 Flow sheet of end-of-life LIB pre-recycling process 

(Wang et al., 2016c). 

Referring to the published data from Wang et al. (2016c), the 

elements were analysed for the different size fractions. 

However, the cobalt, copper and aluminium with concentration 

of less than 5 wt% were not reported. This is attributed by the 

experimental design flaw that utilize a handheld X-Ray 

Fluorescence (XRF) with limited detection limit. 

Comminution of non-brittle material, inside a cutting chamber, 

the size reduction occurs through shearing and cutting stress 

(Schubert and Bernotat, 2004). The cutting action applies a 

localised force that induces failure of the materials right next to 
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the knife edge as a result of shear and tensile stresses. It is 

expected that material with larger shear and tensile strength 

requires more energy to undergo size reduction. For metallic 

components (i.e. current collector and steel chassis), the 

tensile strength is directly proportional the shear strength 

(Dahle et al., 2003). The tensile strength of the different 

component inside LIB is summarised in Table 2-2. 

Table 2-2 The difference in tensile strength and for the different LIB 

components. 

LIB Component 
Tensile Strength 

(Mpa) 

Separator (Chen et al., 2014) 175.2 

Steel chassis (MatWeb, 2019) 505.0 

Aluminium (Butt et al., 2016) 105.0-145.0 

Copper (Butt et al., 2016) 220.0 

Moreover, the LIB also consists of flexible plastics such as 

separator and polymeric chassis for pouch battery. Take for an 

example of Celgard 2325 with PP-PE-PP arrangement that has 

been reported to have a tensile strength of 175.2 Mpa and 

155.9% elongation before breaking (Chen et al., 2014). 

Despite the lower tensile strength of the separator, it is tougher 

than the metallic counterparts and able to prevent breakage 

during milling. Due to this, the polymeric materials can be 

expected to be concentrated in the larger size region. 

From Table 2-2, in the case of cylindrical battery, the steel 

chassis should be concentrated in the larger size region similar 

to that of the polymeric materials. Whereas, the copper and 

aluminium should be concentrated in the smaller size region 

relative to the chassis and the separator. Moreover, when 

comparing the tensile strength of copper to aluminium, 

assumption is taken such that there is no interaction between 
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the active materials assembly with the respective current 

collector. It is expected that the aluminium would be 

concentrated in the finer size region relative to copper.  

However, such assumption may not be applicable considering 

the difference in adhesive strength for positive and negative 

electrode. The adhesive strength of PVDF on to copper (2856. 

kPa) current collector is lower than the aluminium (841.2 kPa) 

counterparts in a new LIB cell (Dai et al., 2019). Moreover, the 

adhesive strength of PVDF degrades as the battery going 

through multiple charge and discharge cycle. Dai et al. (2019) 

reported that the adhesive strength of PVDF onto copper and 

aluminium current collector decreases into 55.5 kPa and 132.8 

kPa respectively. Other that the weaker adhesive strength of 

PVDF onto current collector, the copper and aluminium also 

undergoes degradation in terms of its mechanical properties. 

The copper current collector undergoes reduction in elastic 

modulus (ca. 78.06% - 80.01% reduction) (Dai et al., 2019). 

The aluminium current collector also undergoes localised 

corrosion and produces perforation that also potentially weaken 

the mechanical properties of the aluminium current collector 

(Braithwaite et al., 1999). 

The selective liberation of spent LIBs allows the chassis and 

separator to be concentrated in the larger size region (Zhang 

et al., 2013, da Costa et al., 2015, Zhang et al., 2014a, Zhang 

et al., 2014b, Wang et al., 2016c). Whereas the current 

collectors and the active materials are found in the smaller size 

regions. This occurrence can also be expected when looking 

into the mechanical properties of the LIB components. However, 

there is minimum discussion related to the selective liberation 

between copper and aluminium components. It became difficult 

to predict whether the copper or aluminium would be the main 
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contamination in the finer size region. Moreover, when the 

interaction between the PVDF binders onto the current 

collectors is considered, the stronger adhesiveness of PVDF 

onto the aluminium than that of the copper may cause the 

aluminium to break slower than the copper counterpart. Other 

than the breakage of copper and aluminium, the weaker bonds 

between PVDF towards the copper current collector as 

compared to the aluminium collector also suggest that the 

selective liberation of positive electrode active materials would 

be followed by a degree of liberation of the negative electrode 

active materials. 

2.4 Separation and concentration in LIBs recycling 

Following liberation, subsequent mechanical separations are 

often favourable as to concentrate positive electrode active 

materials. Mechanical separation and concentration are done 

by exploiting the difference in physical and mechanical 

properties of different components contained within LIBs. The 

difference in the physical property of LIBs components such as 

density, magnetic property, conductivity, and hydrophilicity are 

the foundations of physical separation. Moreover, the selective 

liberation that resulted due to the difference in mechanical 

properties can be exploited via size-based separation. 

2.4.1 Magnetic separation 

Magnetic separators exploit the difference in magnetic 

properties between different materials (Veit et al., 2005, Wilson 

et al., 1994). All materials are affected in some way when 

placed in a magnetic field and can be classified into two broad 

groups of diamagnetic and paramagnetic (Wills and Finch, 

2016d). A wide variety of material exhibit linear magnetisation, 
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which is the internal magnetisation M depends on the field H as 

shown in Equation 2-6. 

M = X𝑚𝐻  Equation 2-6 

Where Xm is the magnetic susceptibility.  

 

Figure 2-11 Magnetization versus applied magnetic field strength 

for idealized paramagnetic and diamagnetic minerals (Wills and 

Finch, 2016d). 

If Xm is less than zero, the magnetic field is decreased by the 

materials and correspond to diamagnetic materials. If Xm is 

greater than zero, the magnetic field is increased by the 

material and correspond to paramagnetic material. Figure 2-11 

shows the comparison of paramagnetic materials of chromite 

with positive Xm and diamagnetic material of quartz with 

negative Xm. 
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Figure 2-12 Magnetization versus applied magnetic field strength 

for a ferromagnetic mineral (Wills and Finch, 2016d). 

Ferromagnetism can be regarded as a special case of 

paramagnetism in which the key features is that it is non-linear. 

The M and H from Equation 2-6 does not have a simple linear 

relation between one another. Magnetic dipoles of the material 

undergoes exchange coupling so that they can rapidly align 

themselves with an applied magnetic field (Wills and Finch, 

2016d). From Figure 2-12, due to the exchange coupling, 

ferromagnetic material will have a very high initial susceptibility 

to magnetic force until all the exchange coupled magnetic 

moments have aligned with the applied magnetics force. This 

then results in a rapidly decreasing values of susceptibility with 

increasing applied magnetic field (Figure 2-12, points 1-3).  

Ferromagnetism is a special case of paramagnetism. The key 

main difference lies in the alignment of many atomic scale 

moments. In the case of paramagnetic material, the moments 

are randomly arranged until an external field comes along and 

aligns them. Whereas in the case of ferromagnetic material, the 

moments of many atoms or molecules tend to be aligned in 
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small regions. Enough atomic scale moments that aligned 

together forming domain of magnetisation. Each domain is 

fairly small and randomly oriented with respect to its neighbour. 

Furthermore, it is important to point out that the magnetic field 

is intense in a domain, but the domain is randomly arranged. 

Thus, the material as a whole has no net magnetisation. This is 

also why a random piece of iron is often not magnetised. The 

randomly domains can be realigned when the material is placed 

into a strong enough external magnetic field. However, when 

the external magnetic field is removed, ferromagnetic materials 

is energetically favourable to remained aligned and this does 

not occur in the paramagnetic materials. Hence, the domain is 

aligned and pointing in a fixed direction and therefore 

ferromagnetic material can become a permanent magnet. 

Due to the above described phenomenon, the strong response 

of ferromagnetic material to magnetic field as compare to the 

paramagnetic material with implication. The separation of 

ferromagnetic materials in turn requires weaker magnetic field 

due to its high initial magnetic susceptibility. Compared to 

paramagnetic materials, which requires high-intensity (high 

magnetic field) magnetic separators to report to the magnetic 

product, ferromagnetic materials are recovered in low-intensity 

magnetic separators. 

Removal of tramp iron and strongly magnetic impurities or the 

concentration of a strongly magnetic valuable component is the 

main application of dry magnetic separators for the recovery of 

metals from consumer waste (Svoboda and Fujita, 2003, 

Wilson et al., 1994). The dry magnetic separation in LIBs 

recycling is often used for the recovery of ferromagnetic 

materials such as the steel chassis (Shin et al., 2005, Gratz et 

al., 2014, Al-Thyabat et al., 2013).  
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Table 2-3 Reported Magnetic Susceptibility (Ellis and Montenegro, 

2016). 

Active Materials Xm 105 

(m3/kg) 

LiFePO4 482 

LiMn2O4 352 

LiNiCoMnO2 226 

LiNi0.833Co0.17O2 134 

LiCoO2 8.91 

Graphite Diamagnetic 

 

Other than ferromagnetic materials, a wet magnetic process to 

separate a mix positive electrode active materials concentrate 

has also been patented by Ellis and Montenegro (2016). Ellis 

and Montenegro (2016) have investigated the wet magnetic 

separation of active electrode materials, including graphite 

from spent LIBs. By exploiting the difference in magnetic 

susceptibility of different electrode active materials, it is 

possible to recover valuable materials with high gradient wet 

magnetic separation. The magnetic susceptibility summarized 

in Table 2-3 shows the different magnetic susceptibility of 

different active materials, while graphite collected as non-

magnetic product. However, this patent has not yet been 

implemented on an industrial scale. 

The use of low intensity magnetic separation can also be used 

to recover the cobalt contained within spent LIBs. Li et al. (2016) 

have shown that the cobalt is required to be taken back to its 

metallic form that is ferromagnetic. This is achieved via 

oxygen-free roasting (1000oC) with graphite as the reductant. 

While, the lithium then recovered as Li2CO3. This process may 
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be beneficial for LiCoO2 active material but its application 

towards other types of active materials is potentially limited. 

The use of high gradient magnetic separator to separate 

different type of positive electrode active materials have been 

proposed. However, this has not yet been proven and assumes 

that the feed contains only the positive and negative electrode 

active materials. To further the discussion, the low yield of 

selective liberation previously discussed would affect the 

proposed method. Whereas, the use of low intensity magnetic 

separator to recover the positive electrode active materials can 

only recover cobalt metal. The use of high temperature being 

the major drawback of this method. Hence, the use of magnetic 

separation to recover the positive electrode active materials 

either between different type of materials or from liberated 

spent LIBs require further exploration. 

However, the use of magnetic separation in spent LIBs is still 

useful to separate the initial easy to remove contamination in 

the first line of processing of spent LIBs recycling. Following 

liberation, low intensity magnet can be effectively used to 

screen for ferromagnetic material such as the steel chassis from 

cylindrical battery. The iron contamination can be initially 

recovered and does not have the need to be involved in the 

subsequent mechanical processes. 

2.4.2 Sieving 

Sieving or size-based separation can be seen as a part of the 

screening process. The industrial screening in mineral 

processing is often carried out to give size range adjustment 

for scalping, grading, dewatering, de-dusting, grinding media 

recovery, or trash removal (Wills and Finch, 2016c). In the case 

of LIBs recycling, selective liberation produces positive 
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electrode active materials in the finer size region. Therefore, 

the occurrence of selective liberation is often reported in 

conjunction with size-based separation (Wang et al., 2016c, 

Zhang et al., 2014a, Zhang et al., 2014b). 

For size testing purposes there are different scale in which the 

sieves aperture are designed. The scale of the aperture may 

follow the √2
2

 ≈1.4142 sequences. The √2
2

 sequences have the 

characteristics of the aperture area that is doubled with the 

aperture width at every other sieve in the series. There is 

another sequence of √2
4

≈1.1892. When the size analysis 

requires a closer sizing, the combination of difference 

sequences can be used such that the √2
4

 sequence will fills the 

size between the √2
2

 sequences and therefore narrower size 

range can be achieved. 

The overall screening efficiency is markedly reduced by the 

proportion of near-mesh particles (blinding) (Liu, 2009, Wilson 

et al., 1994). The effect of near mesh particles would be 

compounded as these particles tend to plug and progressively 

reduce the screening efficiency. Moreover, the shape of the 

particle is important as spherical particles pass with equal 

probability in any orientation. However, most of the particles in 

spent LIBs are of irregular shapes and must orient in an attitude 

that permits them to pass. As liberation of spent LIBs exhibit 

selective crushing that is dependent on size, it is imperative to 

have the sieve that is not easily blocked with the near-size 

particles and therefore biased the results reported. 

In LIBs recycling, the sieving efficiency is not commonly 

discussed. This may be due to the fact that the sieving 

analytical procedures have basic concept and the equipment is 

deceptively simple and probably the most abused method of 
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particle size analysis and separation of particulate materials. 

Four to eight sets of sieves with the range of 6000 µm to 45 

µm were employed to characterise particle size distribution of 

milled spent LIBs (Wang et al., 2016c, Zhang et al., 2014a).  

The choice of sieve size often relies on the judgement of the 

experimenter. In the case of LIBs recycling, selective liberation 

followed by sieving has been proposed and used to concentrate 

positive electrode active materials before further separation. 

The cut point proposed to concentrate positive electrode active 

materials varies from 0.212 mm to 1 mm (Shin et al., 2005, 

Diekmann et al., 2017, He et al., 2017b, Silveira et al., 2017, 

Wang et al., 2016c, Zhang et al., 2013, da Costa et al., 2015). 

However, this cut point size range is substantially larger when 

compared to the positive electrode active materials powder 

found in LIBs (ca. 1.50 µm – 7.80 µm) (Pavoni et al., 2018). 

Smaller cut point such as 0.25 mm has been reported to give 

high purity of positive electrode active material, but it only 

recovers 56.38% positive electrode active material (He et al., 

2017b). This indicate that the liberation technique proposed is 

of sub-optimum. 

Having known that the selective liberation of spent LIBs is sub-

optimum, there is minimum effort to improve its yield. The 

reported case often correlates the selective liberation of 

positive electrode active materials to the cut point being used. 

There is lack of understanding to what causes the low degree 

of positive electrode active materials liberation. Moreover, the 

larger cut point proposed as compared to the actual size of 

active materials found in LIBs indicates that it is liberated in the 

form of aggregates. However, it has not yet been confirmed.  
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2.4.3 Gravity separation 

In mineral processing, gravity concentration is the separation 

of minerals based upon the difference in density. Techniques of 

gravity concentration has been around for centuries. To give an 

example, the spanning of gold and quartz by using water as 

carrier liquid has been known for centuries. This method 

separate components of different specific gravity by their 

relative movement in response to gravity or more other force, 

the latter being the resistance to motion offered by a viscous 

fluid, such as water or air.  

The use of Wilfley table (wet density separation) with water as 

the separation media has been reported to be useful in 

separating copper in the size fraction of greater than 1 mm with 

the resulting grade of 66.38 wt% (da Costa et al., 2015). While, 

the size fraction below 1 mm initially removed and concentrates 

the LiCoO2 particles. 

The use of dry density separation with air as the separation 

media has also been reported to be useful in the separation of 

different components of spent LIBs. The use of spouted bed 

elutriation that utilize the principle of fluidization enables the 

entrainment of different particles depending on the air velocity 

being used (Bertuol et al., 2015). The optimum condition allows 

the grade of 17.2 wt% of Cu and Al, 15.8 wt% of chassis, 

42.7wt% of LiCoO2/graphite, and 6.1 wt% of polymers to be 

obtained(Bertuol et al., 2015). Furthermore, Diekmann et al. 

(2017) demonstrated that dry density separation by using air 

classifier is also able to separate different liberated components 

in spent LIBs. Similarly, to the spouted bed elutriation, the 

separation depends on the air velocity being used to entrain the 

fine particles. Moreover, two stage milling is used to further 

improve the liberation of positive electrode active materials. 
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The optimum condition that combined two stage milling with 

optimum air velocity resulted in 75 wt% recovery rate of 

positive electrode active materials with minimum (< 2.5 wt%) 

contamination of copper, aluminium, and iron. 

The use of density separation in separating spent LIBs 

component have been shown to be able to separate various 

different components. The main challenges in using gravity 

separation to concentrate positive electrode active materials 

lies in the characteristics of the selective liberation of spent LIBs. 

Most of the positive electrode active materials are being 

liberated or concentrated in the finer fraction as discussed 

previously. The smaller particle size, in turn increases the 

complexity in designing density separation.  

Dry density separation gives the advantage of negating the 

needs of dewatering, while the wet density separation gives the 

advantage of fewer materials lost by less dusting. The use of 

either wet or dry density separations allows the concentration 

copper and aluminium components from spent LIBs. A more 

recent progress indicates that the use of air classifier can 

concentrate fine particles of positive electrode active materials 

with overall recovery rate of 75 wt% (Diekmann et al., 2017). 

However, the two-stage milling proposed for the air classifier 

has been indicated to be sub-optimum. Therefore, a better 

liberation technique is required to improve the recovery rate of 

positive electrode active materials via density separation.  
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The engineering approach for gravity separation is to quantify 

the concentration criterion ∆𝜌 (Wills and Finch, 2016b): 

∆𝜌 =  
(𝜌ℎ − 𝜌𝑓)

(𝜌𝑙 − 𝜌𝑓)
⁄  

Equation 2-7 

Where 𝜌ℎ is the density of heavier component,  𝜌𝑙 is the density 

of lighter component, and 𝜌𝑓 is the density of the fluid medium. 

Taking the separation of gold and quartz with water as the 

carrier fluid, where the density of gold is 19300 kgm-3, quartz 

is 2650 kgm-3, and water is 998 kgm-3. The resulting 

concentration criterion is 11.1, which is why it is relatively easy 

to separate gold from quartz through density separation. 

Moreover, the motion of particles in a fluid is not only 

dependent on its specific gravity, but also its size. The particles 

required to carry out density separation needs to be coarse 

enough that their movement is not affected by surface friction 

and therefore follows the Newton’s law. Hence the difficulties 

in implementing gravity concentration increases as the particle 

size decreases. The qualitative judgement related to the 

concentration and the particle size is summarised in Table 2-4. 

Table 2-4 Dependence of Concentration Criterion (Wills and Finch, 

2016b) 

Concentration 

Criterion 

Separation 

Difficulties 

Useful Size Range 

(µm) 

2.5 Relatively Easy +75 

1.75 – 2.5 Possible +150 

1.5 – 1.75 Difficult +1700 

1.25 – 1.5 Very Difficult - 

<1.25 Not Possible - 
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Table 2-5 Density of Lithium-ion Battery Components 

Component Density (kg/m3) 

LiCoO2
*a (Villars and Cenzual, 2012b) 5020 

LiNi0.33Mn0.33Co0.33O2 a>x>c 

LiNi0.8Co0.15Al0.05O2 a>x>b 

LiNiO2
*b (Villars and Cenzual, 2012e) 4800 

LiMn2O4
*c (Villars and Cenzual, 2012d) 4520 

LiFePO4
* (Villars and Cenzual, 2012c) 3600 

Graphite* (Villars and Cenzual, 2012a) 2260 

Acetylene Black (Aesar, 2012a) 1800 - 2100 

Aluminium (Aesar, 2012b) 2700 

Copper (Aesar, 2012c) 8940 

Polypropylene (Hindle, 2017) 905 

Polyethylene (Aesar, 2012d) 910 – 980 

PVDF (Kynar, 2017) 1770 

* Theoretical density 

The concentration criterion is the calculated for the different 

components that are found in spent LIBs based on the density 

summarised in Table 2-5. It is assumed that the separation 

media is either water or air with the density of 993 kgm-3 and 

1.27 kgm-3. The separations of different positive electrode 

active materials (i.e. mixed positive electrode active material) 

have generally the concentration criterion of less than 2. Also, 

knowing the size that the positive electrode active materials 

being used in LIBs is less than 75 µm. Hence the gravity 

separation would be difficult to carry out to separate mixed 

stream of positive electrode active materials. 

Moreover, the separation of negative electrode active materials 

from various positive electrode active materials have been 

calculated. Based on the concentration criterion, the separation 

of graphite from various positive electrode active materials can 
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be easily achieved by using water than air as medium. The 

separation of graphite from LCO, NMC, NCA, and LMO gives the 

concentration criterion of greater than 2.5 in water medium. 

However, some positive electrode active materials such as LTI 

and LFP has density criterion that is less than 2.5 and therefore 

challenging to be separated via density separation. Nonetheless, 

LTI and LFP have expected lower recycling needs than that of 

other type of positive electrode active materials as it has lower 

market share. 

The occurrence of selective liberation has allowed the 

concentration of positive electrode active materials in the finer 

size region. Whereas, the copper and aluminium current 

collector is concentrated in the larger size fraction above 1 mm. 

Therefore, the concentration criterion of 1.5 is taken as the 

minimum to use the density separation to separate the copper 

and aluminium. It takes the assumption that the active 

materials are fully liberate from the surface of copper and 

aluminium current collector. From the calculated concentration 

criterion, it is observed that the density separation allows the 

separation of copper and aluminium from the various active 

materials. Moreover, the separation between copper and 

aluminium can be achieved via density separation. 

Other component such as the separator that can be made from 

either polypropylene or polyethylene or the combination of both 

can be separated by either using water or air as the separation 

medium. 

Having shown the qualitative assessment regarding the 

plausibility to use density separation to separate and 

concentrate different components of liberated spent LIBs. The 

separation based on wet and dry density separations that have 

been reported often target the easiest recovered materials such 



Chapter 2 Literature Review 
 

67 

 

as copper that is attributed by the large density difference and 

the active materials fine powder whereby the drag force of the 

flowing media. 

2.4.4 Electrostatic separation 

 

Figure 2-13 Schematic illustration of the roll-type electrostatic 

separator (Silveira et al., 2017). NCF: Non-conductive fraction; IF: 

Intermediate fraction; CF: Conductive fraction. 

The electrostatic separator allows the separation of materials 

based on the difference in surface conductivity (electrodynamic 

or high tension mode) or by the preferential charging and 

attraction materials to an electric field of opposing charge 

potential (static mode) (Kelly and Spottiswood, 1989). The 

electrodynamic mode uses the combination of ionizing and 

static electrode (Figure 2-13). In the electrodynamic mode, the 

feed would be bombarded with ions by the ionizing electrode. 

The conducting particles loses charge on to the grounded rotor 

and thrown from the rotor and the conductive materials further 

attracted away from the rotor by the static electrode. Whereas, 

the non-conducting particles remain held to the rotor until their 

charge slowly dissipate. In the static mode, the separations 
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only employ a static electrode and does not have the ionizing 

electrode to attract more conductive particles away from the 

rotor. In its application, the use of electrodynamic and static 

mode can be employed to achieve the desired degree of 

separation. 

LIB comprises of conductive and non-conductive materials. The 

conductive materials from spent LIBs include the copper 

current collector, aluminium current collector, graphite, and 

steel chassis. Whereas, the non-conductive include the 

polymeric materials and the positive electrode active materials. 

Electrostatic separations has also found it ways to be useful in 

the case of LIB recycling in separating the conductive from the 

non-conductive components. Silveira et al. (2017) demonstrate 

that the combination of size-based separation to concentrate 

LiCoO2 in the finer size region and electrostatic separations to 

separate the coarser size fraction. The separation then results 

in four different product class of active materials powder, 

polymers, mixture (polymers and metal), and the metallic 

fractions. However, there is no means of quantifying the 

recovery rate of such separation (i.e. the amount of LiCoO2 in 

the conductive materials). Rather, it is reported as the amount 

of conductive fraction that is recovered. When considering the 

recovery rate from selective liberation that has been previously 

discussed, it is expected that the conductive fraction would be 

contaminated with substantial amount of LiCoO2 particles.  
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2.4.5 Froth Flotation 

 

Figure 2-14 Schematic diagram of the principle of flotation (Wills 

and Finch, 2016a). 

Flotation is a separation process that exploits natural or induced 

differences in hydrophobicity of the fine particles. The flotation 

principle is shown in Figure 2-14, the hydrophobic minerals 

floats and concentrated in the froth while leaving the 

hydrophilic minerals in the tailing. Initially, flotation has been 

developed to treat the sulphide minerals of copper, lead, and 

zinc. The use of flotation then expanded to separate nickel, 

platinum, and gold-hosting sulphide such as hematite and 

cassiterite and non-metallic minerals such as fluorite, talc, 

phosphates, potash, and coal (Wills and Finch, 2016a). Other 

than in the mining industry, flotation has also find application 

in dealing with environmental issue such as deinking recycled 

paper pulp (Hardie et al., 1999) and removal of oil refinery 

effluents (Rawlins, 2009). 
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According to the surface characteristics, all minerals can be 

classified in to polar and nonpolar types. The surface of 

nonpolar minerals does not readily attach to the water dipole, 

and as a result, inherently hydrophobic. Mineral of this type 

such as graphite, sulphur, diamond, coal, and talc thus have 

high natural floatability (hydrophobic). Minerals with strong 

covalent or ionic surface bonding are known as polar type and 

react strongly with water molecules; these minerals are 

naturally hydrophilic. The example of interaction of a surface 

with water is illustrated in Figure 2-15. Freshly broken quartz 

has an unsatisfied Si and O bonds, and hydrolyse to form 

SiOH(silanol) groups, which in turn hydrogen bond with the 

water dipoles (Wills and Finch, 2016a). 

 

Figure 2-15 Stages in exposure of quartz to water (Wills and Finch, 

2016a). 

Hydrophobicity has to be imparted to most minerals in order to 

float them. To achieve this, surfactants known as collector are 

added and time allowed for adsorption during agitation is 

known as conditioning period. Collectors are organic compound 

which render the selected minerals to be water repellent by 

adsorbing on to the mineral surface to such a level that 

attachment of the particles to the bubble can be made. 

Collector may be non-ionizing compounds, which are practically 

insoluble and strongly hydrophobic. Flotation of naturally 

hydrophobic minerals such as coal and molybdenum that uses 
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kerosene to boost the floatability, sometimes referred to as oil-

assisted flotation. 

  

Figure 2-16 Comparison of collector and frother based on the acting 

interface (Wills and Finch, 2016a). 

Another surfactant that is use in froth flotation is called frothers. 

Frothers differs from collector in several ways. From Figure 

2-16, frothers act between the water and air interface, whereas 

collectors act on the mineral and water interface. Although, 

both frother and collector are surfactants, the selection of 

frother is ruled by in which it does not interacting with the 

minerals. Moreover, there are three main functions of frother 

in froth flotation which are; aid formation and preservation of 

small bubbles, reduce the bubble rise velocity, and aid 

formation of froth. 

Reduction in bubble size increases the number and total surface 

area of bubble, which in turn increases the collision rate and 

flotation kinetics. Reducing the bubble rise velocity increases 

the residence time of bubbles and hence also increase the 

collision rate and flotation kinetics. Furthermore, the formation 

of froth means that the bubble does not burst when it reaches 

the top of the pulp and hence allowing the collectors particles 

to overflow as the float product. An example of common alcohol 

base frother is methyl isobutyl carbinol (MIBC) (Farrokhpay, 

2011). 
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Figure 2-17 Simplified diagram between froth (zone recovery) and 

pulp (Wills and Finch, 2016a). 

Froth structure and stability plays important role in determining 

mineral grade and recovery in flotation and is the main 

determining parameter in overall industrial flotation (Tsatouhas 

et al., 2006). Figure 2-17 shows the difference of froth and pulp, 

where the recovery zone is the froth layer. A too stable froth is 

not desirable, on the other hand, unstable forth is also not 

desired. Therefore, a froth with correct stability is the outmost 

important (Subrahmanyam and Forssbeg, 1988). While a 

stable froth will recover a greater amount of valuable particles, 

it also entrains more gangue (Farrokhpay, 2011). Therefore, 

from a viewpoint of increasing recovery and concentrate grade, 

there is an optimum froth stability and operating condition. 

These include chemical condition (frother, collector, and pH), 

number of hydrophobic particles in the feed, particle size 

distribution of the feed, aeration rate, and density of the slurry. 

Generally, for a given froth flotation, increasing forth depth 

increases the concentrate grade with the decrease in mass rate 

(Neethling and Cilliers, 2008). 

In LIB recycling, the use of froth flotation is proven to be useful. 

The positive electrode active materials are concentrated in the 

finer size region that is also contaminated by the graphite.  

Graphite is naturally hydrophobic, while all positive electrode 

active materials are hydrophilic. The main issue with the use of 
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selective liberation and froth floatation not only came from the 

poor liberation of positive electrode active materials. Also, the 

presence of PVDF that is not removed after crushing and 

enclose the active materials making both the graphite and 

positive electrode active materials hydrophobic (Zhang et al., 

2014b). Thus, surface modification by removal of PVDF 

encloses the active materials is the most pragmatic way, which 

may be done via thermal treatment to decompose the PVDF at 

500oC – 700oC for 1h – 5h or chemical treatment to dissolve 

the PVDF by using NMP or DMF (Li et al., 2010a, Guo et al., 

2016, Chen et al., 2015b, Song et al., 2013). 

 

Figure 2-18 Dry modification mechanism by impact abrasion during 

fine grinding (Yu et al., 2018). 

Other than thermal treatment and chemical dissolution, 

mechanical treatment has also been reported to help remove 

the PVDF binder. The batteries can be initially liberated and 

sieved to obtain LiCoO2 and graphite concentrates. The LiCoO2 

concentrates then subjected to fine grinding in a planetary ball 

mill and have been reported to helps regain the hydrophobicity 

of the LiCoO2 particles with the mechanism shown in Figure 

2-18 (Yu et al., 2018). It was reported that the recovery and 

grade of LiCoO2 particles depends on the grinding time. The 
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optimum grade of flotation concentrates can be achieved with 

5 minutes grinding time (Yu et al., 2018). The proposed method 

enables 97.19 wt% grade of LiCoO2 with recovery rate of 43.92 

wt%. 

Other novel flotation method, recovery of cathode active 

materials and graphite by Fenton reagent-assisted flotation, in 

which oxygen radicals being produced (He et al., 2017b). The 

Fenton’s reagent (oxygen radicals) able to decompose the PVDF 

layer into small molecules and new chemical state such as –

CF2CH3 detected after Fenton’s reagent treatment with 

optimum condition of Fe2+/H2O2 ratio of 1:120 in 30 minutes, 

the particles then subjected to froth flotation with the 

parameters of particle size, pulp density, impeller speed, pH, 

and aeration are -0.25mm, 40g/L, 1800rpm, 9, and 0.8 L/min  

respectively, with Methyl isobutyl carbinol (MIBC) and n-

dodecane as frother and collector with the dosage of 150 g/t 

and 300 g/t respectively. Although the Fenton’s reagent seems 

promising, the recovery rate of LiCoO2 and graphite 

concentrates were only 39.6wt% and 16.8wt% respectively. 

The low recovery was caused by the poor liberation during 

preliminary treatment. 

The use of froth flotation in the separation of LiCoO2 and 

graphite mixture has been proven to be an effective method. 

However, it can be deduced that the poor initial liberation to 

obtain the LiCoO2-graphite concentrates have made the overall 

recovery rate to be lower than expected.  
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2.5 The effect of impurities on positive electrode active 

materials resynthesizing 

The positive electrode active materials concentrate obtained via 

mechanical treatment may be re-synthesized with or without 

undergoing hydrometallurgical steps. The latter can be done 

when the positive electrode active materials can be recovered 

as it is found in spent LIBs and undergo re-lithiation. The 

selective liberation of positive electrode active materials often 

entailed with liberations of other components such as copper 

and aluminium. 

2.5.1 Re-synthesis via chemical treatment 

In conventional hydrometallurgy-dominant process, the key 

steps are of leaching, precipitation, and solvent extraction. 

Leaching of LIBs, is the dissolution of targeted elements by 

lixiviant that may include mineral acids, organic acids, and 

alkaline solutions (Liu et al., 2019a). 

The leaching mechanism by HCl (Wang et al., 2009, Zhang et 

al., 1998), HNO3 (Myoung et al., 2002, Li et al., 2011), and 

H2SO4 (Ferreira et al., 2009, Nan et al., 2005) in dissolving 

LiCoO2 are described in the Equation 2-8, Equation 2-9, and 

Equation 2-10. 

3HCl+LiCoO2=LiCl+CoCl2+1.5H2O+0.25

O2 

Equation 2-8 

 

3HNO3+LiCoO2=LiNO3+Co(NO3)+1.5H2O

+0.25O2 

 

Equation 2-9 

 

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

+5H2O+1.5O2 

Equation 2-10 
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Organic acid such as citric acid (Li et al., 2013a), formic acid 

(Gao et al., 2017), malic acid (Li et al., 2013a), aspartic acid 

(Li et al., 2013a), ascorbic acid (Nayaka et al., 2016b), oxalic 

acid (Zeng et al., 2015), and glycine(Nayaka et al., 2016c) can 

also be used to effectively leach the positive electrode active 

materials. The leaching reaction, such as in the use of citric acid 

as lixiviant (Chen et al., 2016c), can be described as Equation 

2-11. Other organic acids also presents similar mechanism (Liu 

et al., 2019a). 

 

18H3Cit+18LiNi1/3Co1/3Mn1/3O2+C6H12O6= 

6Li3Cit+2Ni3(Cit)2+2Co3(Cit)2+2Mn3(Cit)2+ 

33H2O+6CO2 

Equation 2-11 

 

Furthermore, the use of alkaline system has also been explored 

to selectively dissolve nickel, cobalt, copper, and lithium from 

ore and waste materials (Meng and Han, 1996, Sun et al., 

2015), while manganese is seldom dissolved (Ku et al., 2016, 

Zheng et al., 2017b). The formation of nickel and cobalt 

containing amine complexes under proper pH can be described 

in Equation 2-12 and Equation 2-13 (Liu et al., 2019a). 

 

Ni2++nNH3=Ni(NH3)n2+
 Equation 2-12 

 

Co2++nNH3=Co(NH3)n2+ Equation 2-13 

 

The significant of ammoniacal leaching lies in its selectivity 

towards nickel, cobalt and copper. While, other metal such as 

iron, magnesium, manganese, and calcium are less readily to 

form ligand with the ammonia. 
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Solvent extraction can be used to obtain the desired 

components in the form of pure metal or pure metal compound 

by exploiting the advantage of different relative solubility of the 

same compound in different immiscible liquid. The extraction 

mechanism of D2EHPA and Cyanex 272 can be described by 

Equation 2-14 and Equation 2-15 (Granata et al., 2012b, Swain 

et al., 2008). 

M2++A-+2(HA)2org=MA2.3HAorg+H+ Equation 2-14 

 

MOH++2(HA)2org=M(OH)A.3HAorg+H+ Equation 2-15 

 

Where A-
org+2(HA)2org indicates the extractant saponified by 

the Equation 2-16. 

2Na++(HA)2org=2NaAorg+2H+ Equation 2-16 

 

Extractant often have selectivity for different metal ions and it 

is dependent on the equilibrium pH. For example, D2EHPA can 

selectively extract Cu and Mn ions, whereas its extraction 

selectivity is poor for Co at pH 2.2-3.0 (Wang et al., 2016a). 

Other than the solvent-solvent extraction, precipitation has 

also been widely used to extract metal or metal compound from 

liquid system. It has been reported that dimethylglyoxime 

reagent (DMG, C4H8N2O2) and ammonium oxalate is capable of 

selectively precipitate Ni2+ and Co2+ from the mixed solutions 

(Chen et al., 2015c). The precipitation mechanisms are shown 

by Equation 2-17 and Equation 2-18. 

Ni2++2C4H8N2O2=Ni(C4H7N2O2)2+2H+ Equation 2-17 

 

Co2++(NH4)2C2O4+2OH-

=CoC2O4.2H2O+2NH3 

Equation 2-18 
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After removing Ni2+ and Co2+, the Li1+ can be separated by 

adding Na2CO3 or H3PO4, as described in Equation 2-19 and 

Equation 2-20 (Chen et al., 2015c, Pant and Dolker, 2017). 

2Li++CO3
2-=Li2CO3 Equation 2-19 

 

3Li++PO4
3-=Li3PO4 Equation 2-20 

Other than to recover the precious elements contained within 

spent LIBs, precipitation has been proposed to remove trace 

amount of impurities such as iron, copper, or aluminium 

(Granata et al., 2012a, Chen et al., 2011, Zheng et al., 2017a, 

Joo et al., 2016b). 

Table 2-6 Reported case of impurities towards the performance of 

re-synthesized positive electrode active materials. 

Reference Method/ Impurities 
Capacity 

Performance 

(Weng et al., 

2013) 

Co-precipitation/ 

Magnesium <360mg/L 
94% 

(Zou et al., 2013) 
Co-precipitation/ 

Iron <N/A 
N/A 

(Gratz et al., 

2014) 

Co-precipitation/ 

Iron and copper 0.6 wt% 
N/A 

(Sa et al., 2015b) 
Co-precipitation/ 

Copper < 5wt% 
100% 

(Chen et al., 

2016b) 

Thermal treatment/ 

Al< 0.4wt% and 

Cu<0.6wt% 

100% 

The hydrometallugical process of LIBs recycling is a complex 

process in nature. Most researcher obtain the high-grade 

positive electrode active materials via manual dismantling that 

is often not practical in industrial scale. In a mechanical 

treatment of spent LIBs leachable contamination such as iron, 
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copper, and aluminium are often expected. Several notable 

researches have been dedicated in understanding the effect of 

such impurities in re-synthesis of positive electrode active 

materials with the co-existence of such impurities. The 

performance of positive electrode active materials together 

with the amount of impurities is summarised in Table 2-6. 

From Table 2-6, it can be understood that a tolerable amount 

of impurities does exist and there is the need to minimise such 

impurities to be able to re-synthesis the dissolved targeted 

metals into fully functioning positive electrode active materials. 

It is also important to point out that the iron impurities can be 

efficiently removed by adjusting the pH. Moreover, the 

aluminium impurities can be removed by selectively dissolving 

it in NaOH. The main concern of LIBs recycling is the 

contamination from copper. The 5 wt% of copper 

contamination has been reported to be tolerable as a precursor. 

The battery produces acceptable capacity retention rate (Sa et 

al., 2015b). 

2.5.2 Re-lithiation 

Re-lithiation is the process in which the active materials does 

not need to undergo hydrometallurgical processes. Instead, the 

active materials is resynthesized in a single step treatment. Kim 

et al. (2004) proposed a simultaneous separation and 

regeneration of LiCoO2 with the use of hydrothermal method at 

200oC in a concentrated LiOH solution. The reported impurities 

is  Al/Co of 0.03. Ganter et al. (2014) demonstrated that it is 

possible to do lithiation to spent LiFePO4 via the electrochemical 

and chemical lithiation.  



Chapter 2 Literature Review 
 

80 

 

2.6 Conclusion and research gap 

The liberation of spent LIBs potentially cause explosion due to 

the combination of short circuit (from the leftover voltage) and 

flammable electrolytes with the presence of oxygen.  One of 

the three components that can cause explosion may be 

minimised in several ways.  

Discharging to minimise the voltage to near zero can be used 

to prevent spark and minimise heat from the short circuit. The 

discharging can be carried out with different method such as 

via the immersion of battery into brine solution or using resistor. 

The latter being safer, as it does not produce chlorine gas as 

well as unwanted water contamination. Due to the different 

geometries in which LIBs are produce, the use of resistor to 

discharge spent LIBs being the least favourite option. Moreover, 

it may require strenuous amount of labour work to connect the 

positive and negative pole to the resistor. 

Furthermore, the spent LIBs can be immersed in liquid nitrogen. 

The use of low temperature causes the inactivation of the 

galvanic element inside LIB (i.e. battery capacity last shorter 

during winter) and reduces the flammability of the electrolytes 

as the temperature is below its flash point. However, due to its 

expense it may not be practical in an industrial scale. 

Other precautionary step such as the liberation in an inert 

atmosphere can be carried out to prevent explosion. The 

oxygen concentration is minimised and hence the explosion is 

prevented. 

Safe liberation of spent LIBs requires pre-treatment of spent 

LIBs in which it eliminates one of the three main components 

that is required to cause explosion. Discharging can be 

regarded as the simplest and the most favourite option as it 
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removes the ignition source. The immersion of spent LIBs in a 

brine solution expected to discharge the battery via the 

electrolysis of water. However, there is a design flaw in this 

step as it does not take account the possibility of chlorine gas 

formation. Overpotential is the difference in the theoretical and 

the real voltage that is required to carry out electrolysis. In the 

case of discharging LIBs in a brine solution, the higher 

overpotential of oxygen in the negative electrode as compared 

to chlorine causes problem. In practice, chlorine gas would be 

formed instead of oxygen. Moreover, other techniques to 

minimise the explosion hazard is still unpractical on an 

industrial scale. Therefore, there is the need for innovation in 

discharging spent LIBs. 

In minerals engineering research, the difference in mechanical 

and physical properties of different components causes 

different components to break into different sizes during the 

comminution process. Moreover, a suitable comminution 

technique (i.e. suitable load) is required to exploit the 

difference in mechanical and physical properties that allows the 

valuable component to be selectively liberated. The analysis 

related to the selective liberation of mineral can be done by 

measuring the phase-specific interfacial area. The 

measurement can be done in two dimensional by using SEM-

EDX or three dimensional such as XMT. The latter being less 

bias, for the two-dimensional observation would depends on 

which side and depth of the rock being chosen for observation. 

A reduction in the phase-specific interfacial area would indicate 

the existence of selective liberation. 

The occurrence of selective liberation in the comminution of 

spent LIBs is based on the dependence of recovery of different 

components related to different particle size range. Chassis 



Chapter 2 Literature Review 
 

82 

 

material such as steel or polymer are concentrated in the 

coarser size fraction. Followed by the copper and aluminium 

current collector in the mid-range size fraction. Finally, the 

positive and negative electrode active materials are 

concentrated in the finer size region. The LIBs assembly is 

much simpler when compared to the assembly of naturally 

occurring minerals. The positive and negative electrodes inside 

LIBs are made of aluminium and copper foils that are coated 

with active materials on either one or both sides and held 

together by the binder. Makin a planar assembly that can be 

effectively observed and interpreted in two dimensional as 

compared to the naturally occurring mineral ore that may be 

bias with the same technique. Despite the known phenomenon 

of selective liberations in the comminution of spent LIBs, there 

is minimum effort to study and understand the mechanism. 

Following comminution, the steel can be efficiently separated 

by using dry magnetic separator. The liberated spent LIBs that 

has minimum contamination from iron can be further separated 

to take the advantage of the selective liberation phenomenon. 

The positive electrode active materials that is concentrated in 

the finer size region can be concentrated by using size-based 

separation or gravity separation such as by using air classifier. 

Both methods produce fine positive electrode active materials 

concentrates. The reported recovery rate of size-based 

separation and gravity separation are 56.4 wt% and 75.0 wt% 

respectively. The low recovery rate may be due to the sub-

optimum liberation method being employed. However, 

morphological analysis related to the classified comminution 

product have not been reported to confirm this phenomenon. 

The exploitation of selective liberations produces two streams 

of different size fractions that have different predominant 
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component in coarser and finer size fraction. For the coarser 

size fraction, gravity and electrostatic separation can be used 

to separate the copper and aluminium foil from the polymeric 

materials from the separator and the chassis. However, the 

reported results do not report the problems related to the sub-

optimum selective liberation. The problems related to the sub-

optimum selective liberation is more apparent in the recovery 

of positive electrode active materials in the finer size region. 

The use of froth flotation is useful to separate the fine fractions 

after size. Due to the weaker PVDF-Graphite than the PVDF-

LiCoO2 towards the current collectors, the liberation of LiCoO2 

particles would also follow by at least the same amount of 

liberation of graphite particles. However, the comminution of 

spent LIBs does not remove the PVDF binder that makes both 

LiCoO2 and graphite particles hydrophobic. Thus, to restore the 

hydrophilicity of LiCoO2 particles, the removal of PVDF is 

necessary. The use of thermal treatment or organic chemicals 

allows the decomposition or dissolution of PVDF binder. More 

recently, the use of planetary ball mill after size-based 

separation can induce the removal of PVDF that coats the 

LiCoO2 particles that is caused by the impact abrasion of the 

grinding media. Despite the applicability of ball milling in 

restoring the hydrophilicity of LiCoO2 particles, the recovery 

rate is only 43.92 wt% that is mainly caused by the sub-

optimum selective liberation. 

The uncertainty related to the type of positive electrode active 

materials for the future in LIBs production have made 

hydrometallurgical process to be a pragmatic option. The 

hydrometallurgical process involves the transfer of desired 

metals into the solution via leaching and recovered as precursor 

materials to be re-synthesised as new positive electrode active 
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materials. The extraction of desired component also followed 

by the extraction of unwanted metals and need to be minimised. 

The liberation of positive electrode active materials would also 

result in the breakage of unwanted metals that cannot be 

removed via magnetic separation such as copper, aluminium, 

and iron (i.e. from the milling machine). The iron impurities can 

be efficiently removed by adjusting the pH. Moreover, the 

aluminium impurities can be removed by selectively dissolving 

it by NaOH. The main concern of LIBs recycling is the 

contamination from copper. The 5 wt% of copper 

contamination has been reported to be tolerable as a 

concentrate that can be further processed. 

Other than hydrometallurgical processes, the positive electrode 

active materials concentrate that have minimum to no metal 

contamination can be re-lithiated to be used in the production 

of new LIBs. However, the concept of re-lithiation requires the 

prior segregation of different types of battery as well as higher 

purity than that of hydrometallurgical processes. Moreover, it 

is also expected that the future LIBs would use another type of 

positive electrode active material as to have higher energy 

density as the current generation. 

In conclusion, physical or mechanical processes has always 

been perceived by researchers as a pre-treatment steps to 

liberate and concentrate positive electrode active materials 

from spent LIBs recycling. In this literature review, some 

research gaps have been notes. The use of brine solution as to 

discharge the leftover energy in spent LIBs have an obvious 

problem in practice. Moreover, the occurrence of the selective 

liberation has not been given much attention. The sub-optimum 

selective liberation causes low recovery rate of positive 

electrode active materials in the subsequent physical processes. 
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Moreover, the use of physical treatments also produces copper, 

aluminium, and iron contaminations that may affect the 

subsequent hydrometallurgical processes. The contamination 

of iron and aluminium can be efficiently and selectively 

removed via hydrometallurgical processes. The challenges 

came from the copper contamination and hence the 

development of suitable mechanical process needs to focus in 

minimising such contamination that is at least lower than 5 

wt%.  
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3.1 Introduction 

The work presented in this section covers the preparation of 

the samples used in this research as well as the analysis carried 

out. To ensure continuity, the attrition scrubber, electrostatic 

separator, and froth flotation will be explained in the 

introduction of the chapter where it covers. Therefore, this 

methodology presented covers the sample preparation and 

analysis carried out for the entire thesis. 

This chapter would firstly describe the overview of the 

experimental design that is intended to be carried out in this 

project. Following the experimental design, details regarding 

samples selected for this study and subsequent treatment to 

obtain representative sample which captures the physical and 

chemical characteristics of the bulk sample is discussed. The 

qualitative and quantitative analytical techniques were used in 

understanding the liberation and concentration of LiCoO2 

particles is discussed.  

Chapter 3 Experimental Methodology 
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3.2 Experimental design 

 

Figure 3-1 Flow diagram for the sample preparation for this thesis. 

Figure 3-1 presents the process flow diagram to produce 

samples for this experimental study. The collected prismatic 

spent LIBs were initially discharged and then liberated using a 

cutting mill. The bulk liberated sample was then dried in a box 

oven to remove volatile organic electrolytes. The dried sample 

was then split into aliquots, producing representative samples. 
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The reduced size sample was then screened for ferromagnetic 

materials that mainly came from the positive and negative 

connection pins. The reduced size dried sample with minimum 

iron contamination is then characterised and also used for 

subsequent experimental study. 

Characterisation is carried out to understand whether the 

cutting mill induces an acceptable degree of liberation. The 

sample is sieved to different size fractions and analysed for the 

crystallinity by using XRD, morphology by using SEM-EDX, and 

elemental analysis via acid-microwave assisted digestion and 

detected by using ICP-MS. The characterisation aims at 

identifying the type of materials contained within spent LIBs as 

well as the selective liberation induced by the cutting mill. 

The representative samples was sieved into different size 

fractions. The fine size fraction of < 38 µm is tested for crystal 

structure by using an XRD to confirm the type of active 

materials that are LiCoO2 and graphite.  

The different size fractions were subjected to morphology 

observation by using SEM-EDX. For the larger size fraction > 

850 µm the copper foil, aluminium foil, and separator were 

removed manually. Whereas, the finer size fraction < 850 µm 

is directly mounted on to the carbon adhesive tape. 

Furthermore, other than the morphological observation, the 

EDX also helps in identify the type of the binder being used as 

well confirming the type of positive electrode active materials 

via the absence of other transition metals (i.e. Mn, Ni). 
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Figure 3-2 Flow diagram for the sample characterisation. 

The characterisation step is summarised in Figure 3-2. To 

assess the occurrence of selective liberation, elemental analysis 

of the different size fractions concerning aluminium, cobalt and 

copper is carry out. The copper and aluminium reflect the 

recovery rate of the negative and positive electrode. Whereas, 

the cobalt reflects the recovery rate of the positive electrode 

active materials (i.e. LiCoO2). The results can then be assessed 

by using Fuerstenau upgrading curve and ore separation 

degree curve to assess the occurrence of selective liberation as 

well as the optimum cut point to concentrate the LiCoO2 

particles. 
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Furthermore, it is not the intention of this study to selectively 

liberate graphite and hence the selective liberation of graphite 

is not considered in the experimental design stage. When 

considering the weaker attachment of graphite laminate on to 

the copper current collector than the LiCoO2 laminate on to the 

aluminium current collector. The degree of graphite liberation 

can be assumed to be equal than that of the LiCoO2 

counterparts. One point to be noted from this assumption is 

that; it may underestimate the degree of graphite liberation.  

As single stage liberation using cutting mill is expected to have 

low recovery rate that concentrate LiCoO2 particles (Yu et al., 

2018), the use of an attrition scrubber is proposed as a 

secondary liberation step.  

The attrition scrubbing is carried out with the use of silica sand 

as the abrasive media. Wet sieving is carried out with 212 µm 

test sieve to prevent damage to the 38 µm sieve. The products 

then dried in a box oven until constant weight with the 

parameters previously stated. The dried sample then dry sieved 

into various size fractions and would be described further in 

Chapter 5. The size fractions from the dry sieving that have the 

same size fraction than that of the wet sieving is re mixed. Each 

different size fraction then analysed for metallic elements 

aluminium, cobalt, and copper. The size-based recovery rate is 

then calculated and the improvement in selective liberation in 

LiCoO2 particles can then be compared for the samples before 

and after attrition. 
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Figure 3-3 Flow diagram for the attrition scrubbing experiment. 

The flow diagram for the attrition scrubbing experiment is 

presented in Figure 3-3.  

The coarse and fines attrition product can be further separated 

based on the difference surface conductivity and surface 
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hydrophobicity. Electrostatic separation is to separate the 

coarse product based on specific gravity and surface 

conductivity. 

 

Figure 3-4 The use of electrostatic separator in separation of 

attrition coarse product. 

Figure 3-4 shows the intended use of electrostatic separator in 

this study. The electrodynamic mode, the combination of 

ionising and lifting electrode, is used to separate the coarse 

product. The resulting product is expected to concentrate three 

main components of polymeric materials, silica sand media, 

and the copper and aluminium foils. The experiment would be 

carried out based on the trial and error method and checked 

via visual inspection. 

Furthermore, the use of fine grinding such as ball mill has been 

shown to be able to restore the hydrophilicity of LiCoO2 

particles that can be separated via the use of froth flotation. 

Thus, in this thesis, flotation test is carried out to also study 

whether attrition scrubbing allows the removal of PVDF coating 

that render both LiCoO2 and graphite hydrophobic. 
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Figure 3-5 The intended use of froth flotation in separation of 

attrition fine product. 

From Figure 3-5 the flotation product is assessed by using SEM-

EDX and elemental analysis that involve acid-microwave 

digestion and detected by using an ICP-MS.  The SEM-EDX 

observation is carried out by using back scattered detector to 

qualitatively differentiate the graphite from other component 

based on the perceived contrast. Elemental analysis is then 

carried out to determine the cobalt grade for the float and sink. 

A substantial difference in cobalt grade in the float and sink 

indicates that attrition scrubber does induce delamination of 

PVDF binder.  
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3.3 Sample preparation for experiment 

3.3.1 Sample selection and pre-treatment 

The spent LIBs used in this study were collected from local 

electronic repair shops within Ningbo China. The batteries were 

previously used in smartphones and came from a range 

manufacturer. Only prismatic LIBs with predominantly cobalt 

as positive electrode active materials were used. The type of 

active materials within a LIB can be identified by the marking 

that follows BS EN 61960-3:2017 (British_Standard_Institution, 

2017). 

 

 
 

Figure 3-6 Photograph of new ICP-LIBs and spent ICP-LIBs (left); 

and an example of battery discharging (right).  

This is identified by the “ICP” marking (Figure 3-6); the letter 

“I” designates the carbon negative electrode basis; the letter 

“C” designates the cobalt positive electrode basis; the letter “P” 

designates the prismatic shape of the cell. From Figure 3-6 

1ICP4/49/120, the number one means use as one cell, followed 

by carbon and cobalt as the main component enclosed in 

prismatic form factor, and the subsequent numbering of 

4/49/120 means it has a dimension of 4 mm thickness, 49 mm 
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width, and 120 mm in length. Other designations for other 

types of positive and negative electrode basis as well as the 

shape of the cell can be found in BS EN 61960-3:2017.  

The spent LIBs protective cap and connector were firstly open 

and detached to expose the positive and negative poles. The 

LIBs then discharged by using crocodile clips connected to a 

load of 56-ohm resistor (Figure 3-6) until the voltage is near 

zero (0.2 V – 0.5 V). Depending on the initial voltage of the 

battery, the discharging time can take from one to several days. 

Prior liberation, the voltage of the battery is checked by using 

a digital multi meter to ensure safe voltage for liberation. 

3.3.2 Sample preparation and size reduction 

Discharged LIBs were shredded by using a cutting mill (Restch 

SM 2000) with an 8 mm grid until no more particles passing 

through the grid. To remove the volatile electrolytes, the 

shredded LIBs are dried in a box oven at 80oC (Yin Jing Machine 

(Shanghai) Co., LTD). The equipment for size reduction and 

drying are shown in Figure 3-7. 

According to BS 812-109: 1990, The determination of dry mass 

of a material from water requires the drying of materials 

between 105oC to 110oC until constant weight is achieved 

(British_Standard_Institution, 1990).  
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Figure 3-7 – Photograph of cutting mill (left) and the box oven 

(right). 

In the field of LIBs recycling, drying temperature from room 

temperature up to 90oC is commonly employed (Li et al., 2010b, 

Mantuano et al., 2006, Nayaka et al., 2015, Diekmann et al., 

2017, Wang et al., 2016c). The use of this temperature range 

is used to prevent the production HF gas from the 

decomposition of the electrolyte (LiPF6) at temperature greater 

than 85oC under atmospheric pressure (Yang et al., 2006). Due 

to safety aspects, in this study the temperature of 80oC is used 

for the entire dry mass determination. The samples were dried 

to constant weight, when the mass change is < 0.1 wt% it is 

then taken as the dry mass. The use of 80oC in determination 

of water moisture content have been reported to not 

substantially affect the accuracy of the results as compared to 

110oC (O'Kelly and Sivakumar, 2014). Therefore, BS 812-

109:1990 was modified to take the safety issue into account 

with confidence that accuracy has not been compromised. 

3.3.3 Representative sample 

Representative samples were prepared using a riffle splitter 

with each chute size of 31 mm x 160 mm with 16 alternating 

chutes (Figure 3-8). The general principle is that the bulk 
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sample is divided by parallel chutes leading to two separate 

receptacles.  

 

Figure 3-8 – Photograph of the riffle splitter. 

Petersen et al. (2004) showed the appropriate design and use 

of riffle splitter. For this device to work properly, it needs to 

have an even number of chutes of which every second leads to 

the two alternate receptacles. All the chute needs to have the 

same the same size and form. Moreover, the width of the 

chutes also to have a certain minimum with at least two times 

the maximum particle size plus 5 mm. In this project, the 

sampling method is adapted from BS 3406-1: 1986 

(British_Standard_Institution, 1986). The division method 

employed is of with the reduction ratio of 1/2n, with n the 

reduction stage. It is important to point out that it is not 

possible to ascertain whether a particular sample is 

representative or not (Petersen et al., 2005). The acceptable 

coefficient of variation of sub sample masses by using riffle 

splitter is 5.9 wt% to 9.0 wt% BS 3406-1: 1986 

(British_Standard_Institution, 1986). To obtain the coefficient 

of variation of < 9.0 wt%, the deviation of the sub sample mass 

from the parenting bulk is minimised by allowing maximum of 

5 wt% from the ideal half parenting bulk mass. When the 
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deviation is more than 5 wt % form the ideal split of 1/2n, the 

sample is re-mixed and re-split until de deviation from the ideal 

mass is less than 5 wt%.  

The representative sample is then subject to magnetic 

separation to remove ferrous materials by using a rare earth 

magnet enclosed in a PVC pipe. Producing representative LIB 

samples that have minimum ferrous material. 

3.4 Analysis techniques 

3.4.1 Particle size distribution by sieving 

  

Figure 3-9 Photograph of the certified test sieve (left) and stacked 

sieves on a sieve shaker (right). 

To obtain the particle size distribution, sieving is used. The 

assessment of the particle size distribution are carried out by 

using certified test sieve (Endecotts, ISO 13310-2 and ISO 

13310-1) and a fixed amplitude shaker (Capco Inclino Sieve 

Shaker 3) shown in Figure 3-9 (British_Standard_Institution, 

2013, British_Standard_Institution, 2016). The sieving test 

carried out is in accordance with the BS EN 933-1: 2012 

(British_Standard_Institution, 2012). The sieving is carried out 

until the change in mass is < 1 wt% in one minute.  
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The results of sieving should always be plotted graphically to 

assess their full significance, the most common being that 

plotting either cumulative undersize or oversize against particle 

size (Wills and Finch, 2016e). The plot of cumulative undersize 

is a mirror image of cumulative oversize, and therefore, it is 

not necessary to plot both curves. The plot is carried out using 

a semi-logarithmic coordinate to avoid finer aperture sizes 

become congested. In this thesis, the cumulative undersize is 

used as a means to interpret the particle size distribution. 

3.4.2 X-Ray Diffraction (XRD) 

X-Ray Powder Diffraction (XRD) is a rapid analytical technique 

to identify phase of a crystalline materials. The XRD technique 

in laboratories has its beginning from X-ray crystallography, 

where it can determine the atomic and molecular structure of 

crystals. The crystalline atom will cause the incoming X-rays to 

diffract into many specific directions. The angles and energy of 

the diffracted X-rays can be interpreted into three-dimensional 

structure of the electron density within the crystal. Moreover, 

the positions of the atom in the crystal can then be determined 

along with the bond. 

 

Figure 3-10 Photograph of the X-ray powder diffraction machine. 
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In its conventional form, incident beam of X-rays is directed 

upon the sample crystal, the X-ray will diffract according to the 

atom spacing in the crystalline lattice. The majority of the 

incident X-ray is transmitted through the sample, while a small 

portion is diffracted onto the photographic plate. The X-ray is 

able to undergo scattering as their wavelengths are similar to 

that of the spacing between the planes in the crystals. The 

diffracted X-rays emanate out from the sample crystal in cone 

patterns according to the relationships between the crystal 

lattice spacing (d) and θ of Equation 3-1. 

𝑛. 𝜆 = 2𝑑. sin(𝜃) Equation 3-1 

where d is the atomic spacing within the crystal, n is an integer, 

and theta (θ) is the angle between the sample and the detector.  

In this thesis, XRD with Cu-Kα source made by Bruker with AXS 

D8 Advance model is used to identify the type of positive 

electrode active materials inside LIBs (Figure 3-10). Instead of 

vertical or horizontal XRD (θ-2θ geometry), the vertical θ-θ 

Bragg-Brentano setup has become more popular (Figure 3-11). 

The sample is mounted in on a goniometer and gradually 

rotated while being bombarded by X-rays, producing a 

diffraction pattern on regularly spaced spots known as 

reflection. The two-dimensional images taken at different 

rotations are converted into a three-dimensional model of the 

density of the electrons by using a mathematical model of 

Fourier transform.  
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Figure 3-11 Photograph of the Goniometer known as the vertical θ-

θ Bragg-Brentani setup. 

The XRD spectra that are generated by most software 

processing are not in the form of diffraction patterns. The data 

obtained is in the form of an x-axis and y-axis scale. The x-axis 

is multiple of the diffraction angle 2θ and the y-axis is the 

intensity in arbitrary unit. In this thesis, the XRD parameters 

adapted from Li et al. (2010a). The XRD parameters include, 

scanning angle, step size, and count time of 10o-100o, 0.5o, and 

1s respectively are used. 

3.4.3 Scanning Electron Microscopy – Energy Dispersive 

X-Ray (SEM-EDX) 

Field emission scanning electron microscopy (FESEM) is 

achieved through the use of field emission gun (FEG) instead 

of conventional scanning electron microscopy (SEM) that uses 

tungsten hairpin or lanthanum hexaboride (LaB6). FESEM 

provides higher resolution in the whole range of accelerating 

voltage in which may be able to take better image at higher 

magnification. While the energy dispersive spectrometry (EDS) 

system detects X-rays emitted from the sample as a result of 

high-energy electron beam penetrating into the sample and 

collected by EDX detector, yielding the elemental analysis of 
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the sample. The combination of FESEM and EDX called FESEM-

EDX. 

For the purpose of this research, SEM-EDX from Zeiss with 

Oxford/ Sigma VP EDX detector is used. In this SEM, there are 

several detectors used for image capture, the detectors used in 

this project are back scattered detector (BSD) and secondary 

electron detector (SE). The difference between BSD and SE are 

the depth of penetration in which SE penetrated shallower 

depth than BSD and BSD able to differentiate different 

elements according to the contrast of the image being captured, 

where lighter elements are darker than the heavier elements. 

  

Figure 3-12 Photograph of the Field Emission Scanning Electron 

Microscopy (FESEM) and equipped with an Energy Dispersive X-Ray 

(EDX) (left); and the gold sputtering machine (right). 

Moreover, to improve the imaging of the sample, the surface 

was made conductive by applying 4 nm of gold coating by using 

a gold sputtering maching as shown on Figure 3-12 (LEICA EM 

SCD 500) with a coating thickness controller (LEICA EM QSG 

100). The gold coating on the sample inhibits charging that may 

otherwise results in un-observable morphology.  
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3.4.4 Acid-microwaves assisted digestion 

Elemental analysis is carried out to quantify the elemental 

composition of a sample. In this study, the elemental analysis 

is carried out by using Inductively Coupled Plasma – Mass 

Spectrometer (ICP-MS). However, a liquid sample is required 

to carry out this analysis. Thus, acid-microwaves assisted 

digestion is carried out to dissolve the element of interest into 

aqueous solution. 

  

Figure 3-13 Photograph of centrifugal mill (left) and muffle furnace 

(right). 

The digestions were adapted from BS EN 62321-5:2014 

(British_Standard_Institution, 2014). Samples were first 

transferred to porcelain lidded crucibles and calcined in a muffle 

furnace (Carbolite, CWF 2000, Figure 3-13) to remove difficult 

to mill materials (e.g. polymer materials). The calcination was 

performed in multiple stages to prevent a sudden release of 

gas. The temperature was increased at a rate of 10oC min-1 up 

to 350oC with 2h holding time. Followed an increase in 

temperature at the same rate to 500oC with 3h holding time. 

The sample was then allowed to cool to room temperature. The 

samples were then milled using a centrifugal mill (Retsch ZM 

200, Figure 3-13) with a 0.25 mm grid. Samples from inside 



Chapter 3 Experimental Methodology 
 

105 

 

and outside the grid were collected and sieved using 212 µm 

nominal aperture size, and the size fraction >212 µm was re-

milled until the recovery rate < 212 µm was >95 wt%. The 

samples that initially had particle sizes of < 212 µm were 

excluded from the above steps.  

  

Figure 3-14 Photograph of the MILI-Q machine. 

The 68 wt% HNO3, 30 wt% HCl, and 30 wt% H2O2 used are 

purchased from Jingrui with UP-S grade. Moreover, only MILI-

Q water that comply Grade 1 BS EN ISO 3696:1995 is used 

(Figure 3-14) is used for the entire digestion and dilution 

(British_Standard_Institution, 1995). 

  

Figure 3-15 Photograph of the digestion vessels (Left) and the 

microwave digester (Right). 
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Approximately 0.2 g of sample was weighed to four decimal 

places using an analytical balance. Microwave digester (CEM 

MARS 5, Figure 3-15) equipped with temperature control was 

used to digest the samples and dissolve the materials present 

to enable analysis. The digestion is carried out in multiple 

stages, and the details are summarised in Table 3-1. 

Table 3-1 – Microwave digester operating parameter 

Stage Number 

of 

Vessels 

Power 

Level 

(W) 

Ramp 

Time 

(min) 

Temperature 

(oC) 

Hold 

Time 

(Min) 

Description 

1 8 800 8 80 2 ~ 0.2g of solid with 

1ml H2O+4 ml UP-S 

Grade 68 wt% HNO3 

+ 1ml H2O2. 

2 8 800 4 120 5 

3 8 800 8 80 2 The solution then 

allowed to cool 

down below 30oC 

then 4ml of UP-S 

Grade 30 wt% HCl 

was added. 

4 8 800 4 120 5 

The digested samples are then diluted with 3 wt% HNO3 to 

prevent precipitation. Following dilution, the sample then 

analysed using Inductively Coupled Plasma – Mass 

Spectrometry (ICP-MS, Nexion 300x). Multi-elements external 

standard calibration curves were made by diluting and mixing 

different single element standard reference stock solutions 

from Sigma-Aldrich (see Appendix II).  
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3.4.5 Inductively Coupled Plasma – Mass Spectrometer 

(ICP-MS) 

  

Figure 3-16 Photograph of the Inductively Coupled Plasmas – Mass 

spectrometer (ICP-MS) whole equipment setup (left) and the 

sample introduction chamber (right). 

Inductively coupled plasma source with the addition of a mass 

spectrometer as the detector. This type of instrument is called 

Inductively Coupled Plasma-Mass Spectrometer (ICP-MS). In 

this instrument, the plasma torch to ionize the elements 

allowing their gas-phase separation and measurement using 

mass analysers. The mass spectrometer measures the ionized 

elements. Thus, the mass-to-charge ratio (m/z) measured is 

usually the atomic mass of the elements. In this thesis, the ICP-

MS from PerkinElmer, NexION® 300x, is used (Figure 3-16). 

The sample is introduced using a peristaltic pump to move the 

sample solution into the nebulizer and producing small droplets, 

followed by spray chamber. The argon plasma torch then ionize 

the sample. 
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Figure 3-17 Inner working of ICP-MS, NexION® 350. 

The interface is the introduction area of the instrument from 

the plasma torch into the lower pressure inside of the ICP-MS. 

The interface in Figure 3-17 is the triple cone interface where 

the ions produced from plasma torch at atmospheric pressure 

enter the instruments where the environment is under vacuum 

pumped down by vacuum pumps. Keeping the system under 

vacuum reduces interferences from ambient gasses and helps 

keeping the system dry. The vacuum is controlled by two 

pumps, a mechanical rough pump and a turbomolecular pump. 

The ions produced in the torch and neutral enter the instrument 

into the quadrupole ion defector (QID). The QID functions to 

remove the interferences and allow ions to continue on into the 

interior of the instrument. From Figure 3-17, the QID is a 

quadrupole that has been set at a right angle to the incoming 

ion beam. This alignment will bend the ion beam at a 90o angle. 

The neutrals and solvent will continue on their straight path and 

does not enter the equipment. 

Spectroscopic interferences are one of the largest interferences 

in ICP-MS and are caused by atomic or molecular ions that have 

the same mass-to-charge ratio as analytes of interest. The ICP-

MS instrumental software supplied is able to correct for all 

known “isobaric” interferences that are caused by overlapping 

isotopes of different elements. However, the ICP-MS 
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instrumental software does not remove the polyatomic 

interferences that are formed from precursors such as the 

sample matrix, reagent used for preparation, plasma gasses, 

and entrained atmospheric gasses.  

Table 3-2 Table of polyatomic interferences in ICP-MS (May and 

Wiedmeyer, 1998) 

Isotope Abundance wt% Interference 

27Al 100.0 12C15N+, 13C14N+, 1H12C14N+ 

59Co 100.0 43Ca16O+, 42Ca16O1H+, 24Mg35Cl+, 

36Ar23Na+, 40Ar18O1H+, 40Ar19F+ 

63Cu 69.1 31P16O2
+, 40Ar23Na+, 47Ti16O+, 

23Na40Ca+, 46Ca16O1H+, 

36Ar12C14N1H+, 14N12C37Cl+, 

16O12C35Cl+ 

65Cu 30.9 49Ti16O+, 32S16O2
1H+, 40Ar25Mg+, 

40Ca16O1H+, 36Ar14N2
1H+, 

32S33S+, 32S16O17O+, 12C16O37Cl+, 

12C16O37Cl+, 12C18O35Cl+, 

31P16O18O+ 

54Fe 5.8 37Cl16O1H+, 40Ar14N, 38Ar15N1H+, 

36Ar18O+, 38Ar16O+, 36Ar17O1H+, 

36S18O+, 35Cl18O1H+, 37Cl17O 

56Fe 91.7 40Ar16O+, 40Ca16O+, 40Ar15N1H+, 

38Ar18O+, 38Ar17O1H+, 37Cl18O1H+ 

57Fe 2.2 40Ar16O1H+, 40Ca16O1H+, 

40Ar17O+, 38Ar19F+ 

58Fe 0.3 40Ar18O+, 40Ar17O1H+ 

 

A prior knowledge of the polyatomic interferences is necessary 

as it would guide the experimenter for what type of reagent is 

used to minimise the source of interferences. The list of 
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polyatomic interferences that is relevant to this project is 

summarised in Table 3-2. From Table 3-2, it can be seen that 

the two elements of aluminium and cobalt does not have any 

isotope, selective detection of isotope is not applicable from 

these two elements. Moreover, aluminium cannot be 

completely digested with a single acid (i.e. HNO3 alone) and 

thus the use of second stage digestion with HCl is necessary. 

Moreover, modification from that of BS EN 62321-5:2014 is 

made to minimise the interference of fluorine atom to cobalt 

detection by the exemption of HBF4. The dilution is carried out 

with 3 wt% HNO3. It is important to point out that nitrogen can 

possibly interference with the aluminium detection, however it 

requires organic solvent matrix and therefore it can be 

assumed that the HNO3 would not form any polyatomic 

interference with carbon. Thus, no interference with aluminium. 

The same judgement also made for the choice of 63Cu and 

calibrated against the same isotope by using ICP-MS. 

The detection of iron would use the highest relative abundance 

as the proportion of different isotopes is highly disproportionate, 

such that the relative abundance of 56Fe is 91.7 wt% as 

compared to 0.3 wt% of 58Fe. The selection of isotope other 

than 56Fe would increase the error as the intensity of measured 

elements would be significantly of reduced value and would 

reduce the sensitivity of the measurement. However, the iron 

is not detected as it may come from different sources such as 

contamination from the milling machine. Thus, making the 

conclusion derived from such quantification unreliable.  
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3.5 Conclusion 

In this chapter, the intended use of attrition scrubber, 

electrostatic separator, and froth flotation in this project is 

presented and described. The qualitative and quantitative 

analysis that is going to be carried out to assess the outcome 

of the technique proposed have been explained. 

Moreover, the representative samples used in this thesis has 

been dried and screened for ferromagnetic materials. It is 

important to point out the hazard of LiPF6 from the battery 

electrolyte as it produces HF above 85oC. Therefore, slight 

modification from BS 812-109: 1990 is taken by reducing the 

recommended temperature from 105oC – 110oC to 80oC. The 

use of this temperature is still within the range of the previously 

reported studies of recycling LIBs and also has been reported 

to have negligible difference than the recommended 

temperature. The drying is carried out in an open system box 

oven and until constant weight is achieved. The dried bulk 

samples then undergo sample splitting and ferromagnetic 

materials screening by using rare earth magnet. 

As this project aims at the selective liberation of positive 

electrode active materials from spent LIBs, the analysis would 

involve the dependence of difference elements distribution on 

size that is analysed by size based separation by using certified 

test sieve and elemental analysis by using ICP-MS. Attempt to 

minimise the interference that potentially overestimate or 

underestimate the ICP-MS measurement by slight modification 

of BS EN 62321-5:2014. The HBF4 is not used and the matrix 

used for dilution is 3 wt% HNO3 rather than 5 wt% HCl. 

Furthermore, the total dissolution of intended elements is 

confirmed by using SEM-EDX. Other than the confirmation of 

total metal dissolution, SEM-EDX is also used to study the 
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morphology and breakage mechanism of LIBs after mechanical 

treatment. Along with the SEM-EDX, XRD is used to confirm the 

type of positive electrode active materials being studied.  
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4.1  Introduction 

The occurrence of selective liberation of positive electrode 

active materials have been observed and reported. The positive 

electrode active materials being concentrated in the finer size 

region. Results reported show a cut point of less than 1 mm is 

an appropriate cut point which is independent of the type of the 

milling machine and the LIB’s geometry (Zhang et al., 2013, Yu 

et al., 2018, Silveira et al., 2017, Wang et al., 2016c, da Costa 

et al., 2015). The cut point of 1 mm is substantially larger than 

that of the active materials size found inside spent LIBs that 

ranges from 7.8 µm to 1.5 µm  (Pavoni et al., 2018), indicating 

the sub-optimum selective liberation. 

The occurrence of selective liberation depends on the difference 

between the mechanical properties (i.e. hardness) between 

minerals. In the case of LIBs, as the battery is being cycled, 

the copper and aluminium component shows disproportionate 

rate of mechanical degradation. The copper current collector is 

deteriorating at a faster rate than the aluminium current 

collector (Dai et al., 2019). The copper current collector 

eventually becomes weaker than that of the aluminium current 

collector. Furthermore, the PVDF binders’ adhesiveness is 

stronger towards the aluminium than the copper current 

collector. From these reasons, it is hypothesized that there 

would be observable difference in the selective liberation 

performance the spent and new LIBs.  

Chapter 4  Particle Characteristics of Dry 

Milled LIBs 
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This chapter aims at understanding the selective liberation of 

LiCoO2 in dry milled spent LIBs. The Fuerstenau and ore 

separation degree curves are used to assess the LiCoO2 

selective liberation. Morphological observation is carried out for 

the different classified size fraction. The combination of 

elemental and morphological analysis is used to understand the 

selective liberation of LIBs and the liberation mechanism. 

Furthermore, selective liberation of new and spent LIBs are 

compared to understand the effect of mechanical properties 

degradation as the battery used in multiple charging and 

discharging cycle towards the efficiency of selective liberation. 

4.2 Experimental details 

The selective liberation is assessed based on different 

components on classified sizes. The main components of spent 

LIBs can be broken down into two clusters of leachable and 

non-leachable components. The leachable components include 

the copper and aluminium current collectors as well as the 

LiCoO2 positive electrode active materials. Whereas, the non-

leachable component includes polymeric materials and graphite. 

The cobalt is taken as the desired (valuable) component and 

copper and aluminium are taken as the undesired (waste) 

component. 

The sample preparation and analysis techniques has been 

described in Chapter 3. Three representative samples were 

used with average mass of 69.8 g (see Appendix III). The 

samples were analysed for particle size distribution using 

certified test sieve (Endecotts) and a fix amplitude shaker 

(Capco Inclino Sieve Shaker 3). As the battery has been milled 

by using cutting mill with 8 mm grid, the particle size analysis 

via sieving should be able to include the biggest possible size 

that can be expected. However, as the LIBs comprise of non-
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brittle (flexible) components which allow larger particles to pass 

through the grid. The sieves with aperture size of 13200 µm 

and 38 µm are taken as the maximum and the minimum size 

for the particle analysis. This sieve size has taken into 

consideration, the cutting mill grid and the size of the active 

materials found in LIBs. The sieves used to assess the d95 had 

a nominal aperture of 13200 µm, 9500 µm, 6700 µm, and 4750 

µm. The sieving was performed separately, and the sieves were 

brushed after use to collect fine particles that may be trapped 

between the joint of adjacent apertures. The size fraction of < 

4750 µm then sieved with nominal aperture size of 2360 µm, 

850 µm, 212 µm, and 38 µm. All the sieves for size fraction 

less than 4750 µm were put together to assess the particle size 

distribution. Each different size fraction then subject to 

morphological and elemental analysis. All the sieving test were 

carried out at 20 min. 

New LIBs of the same type as that of the spent LIBs were used 

and subject to the same treatment as the spent LIBs. 94.8 g of 

dried milled new LIBs were used in this study. 

The morphology study of the milled LIB particles was carried 

out using an SEM-EDX. The EDX helps in identifying the 

material being studied. The samples were mounted onto 

aluminium stage using conductive carbon tape. The surface of 

the sample was then made conductive by applying a 4 nm gold 

layer using a gold sputtering machine. The combination of size 

related recovery as well as the morphological analysis can then 

be used to draw the general understanding of the particles 

morphology in its relative size fraction and relative recovery 

rate when the given size fraction is isolated. 

The initial EDX results also show that the positive electrode 

active material is LiCoO2 due to the absence of other elements 
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such as Ni and Mn that may otherwise suggest other battery 

chemistry. To further confirm the EDX result, the size fraction 

of < 38 µm were analysed by using XRD. The peaks were 

compared with the data library and was found to be a mixture 

of LiCoO2 and graphite. The results are also compared with 

standard XRD powder of LiCoO2 and graphite purchased from 

Sigma-Aldrich and shown in Figure 4-1. 

 

Figure 4-1 XRD spectra of classified milled LIBs in the size range of 

<38µm. 

As the type of positive electrode active materials are known, 

this then simplifies elemental analysis. Mechanical liberation 

does not induce crystal changes to the positive electrode active 

materials. Therefore, the wt% recovery of Co can be assumed 

to the wt% recovery of the LiCoO2. Additionally, in this study, 

all the detected copper and aluminium are assumed as the 

recovery of negative and positive electrode current collectors 

respectively.  
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4.3 Results and discussions 

4.3.1 Size-based hierarchy 

Milling spent LIBs by using a cutting mill with 8 mm grid 

produced a wide range of particle size distribution, from 13200 

µm to less than 38 µm (Figure 4-2). By linear interpolation, the 

average particle size (d50) was found to be 1552 µm. 

 

Figure 4-2 Particle size distribution of milled spent LIBs. 

From Figure 4-3, visual inspection reveals that the battery 

separator and the polymeric chassis are mainly found in the 

size fraction of > 850 µm. Moreover, it is noted that the cutting 

mill produce 7.7 wt% (Figure 4-2) of particles in the size range 

less than 38 µm (Figure 4-3 H). 
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Figure 4-3 Photograph of the classified milled LIBs; A)13200µm-

9500µm, B)9500µm-6700µm, C) 6700µm-4750µm,  D)4750µm-

2360µm, E)2360µm-850µm, F)850µm-212µm, G)212µm-38µm, H) 

<38µm. 
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Figure 4-4 Concentration of key elements for a given size range of 

classified milled spent LIBs. 

From Figure 4-4, it is shown that aluminium, cobalt, and copper 

are found in all size regions. The finer size region < 850 µm 

concentrated the LiCoO2 particles. Comparing the cobalt grade 

of different size fractions, it was found that the size fraction of 

< 38 µm has the highest grade of 36.5 wt% cobalt. The size 

fraction of < 38 µm also has the lowest contamination from 

aluminium and copper which are 1.6 wt% and 0.8 wt% 

respectively. This size fraction only recovers 11.4 wt% LiCoO2 

from the feed. 
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Figure 4-5 Particle size distribution of milled new LIBs. 

The same assessment has also been carried out for the new 

LIBs. From Figure 4-5 it can be seen that milling new LIBs also 

produces a wide particle size distribution and the average 

particle size is 1600 µm.  

The particle size distribution of milled new and spent LIBs does 

not differ significantly when comparing the average particle size. 

However, the amount of size fraction < 38 µm produced is 

lower in the milled new LIBs (4.4 wt%) compared to the milled 

spent LIBs (7.7 wt%).   
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Figure 4-6 Concentration of key materials for a given size range of 

classified milled new LIBs. 

The milled new LIBs also then assessed for the concentration 

of aluminium, copper and cobalt with respect to size and this is 

shown in Figure 4-6. From Figure 4-6, it can be seen that 

LiCoO2 particles are concentrated in the finer size region. 

However, the main difference of new and spent LIBs lies in the 

size fraction that concentrate the highest amount of cobalt. 

From milling spent LIBs it was found that the size fraction of < 

38 µm have the highest concentration of cobalt. Compared to 

that of the new LIBs (Table 2), the < 38 µm size fraction 

contains lower grade of 24.9 wt% cobalt with lower aluminium 

and copper contamination of 0.5 wt% and 0.6 wt% respectively. 

In new LIBs, the size fraction of 212 µm – 38 µm contains the 

highest grade of 31.2 wt% cobalt with minimum contamination 

from aluminium (0.4 wt%) and copper (0.5 wt%). 

Therefore, to make an objective judgement to whether milling 

LIBs does induce selective liberation of LiCoO2 particles, a 

Fuerstenau upgrading diagram, and ηore was plotted. By this , 

the selective liberations of LiCoO2 and the current collectors (Cu 

and Al) can then be identified. Moreover, a comparison between 

the new and spent LIBs can also be made to understand the 
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effect the different mechanical properties have on selective 

liberation. 

 

Figure 4-7 Fuerstenau recovery curve of milled spent LIBs. 

Figure 4-7 shows Fuerstenau recovery curve for cobalt-

aluminium (Co-Al) and cobalt-copper (Co-Cu) above the 

diagonal line. This finding confirm that milling spent LIBs does 

induce selective liberation of LiCoO2 particles in the finer size 

region. The recovery of cobalt is greater than the recovery of 

copper and aluminium in the finer size region. In Figure 4-7, 

the Fuerstenau upgrading diagram can be broken down into 

two distinct regions. These are the recovering region and the 

re-mixing region. In the recovering region, the cobalt recovery 

increases by increasing the cut point size. It is also 

accompanied by a minimum increase in copper and aluminium 

recovery. A further increase in cut point yields higher wt% 

recovery of cobalt but the increase is outweighed by the 

increase in copper and aluminium recovery and called the re-

mixing region. When there is a point of inflection, the 

recovering line changes into re-mixing line; it marks the 

optimum cut point that balances the recovery between valuable 
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material and waste material. For both Co-Al and Co-Cu, the 

transition can be seen at point 850 µm. 

A better graphical representation to determine the optimum cut 

point is by plotting the ore separation degree curve (ηore). As 

selective liberation dependent on size, the optimum cut point 

corresponds to the highest ore separation degree (ηore,max) can 

be found and summarised in Figure 4-8. 

 

Figure 4-8 The ore separation degree (ηore) of classified milled LIBs. 

From Figure 4-8, the cut point 850 µm shows the highest 

efficiency to recover cobalt while minimising the contamination 

of aluminium and copper (Co-Al ηore,max=37.8% and Co-Cu 

ηore,max=33.4%). Moreover, a dramatic decrease in Co-Cu ηore 

is observed when compared to Co-Al ηore above cut point 850 

µm. This indicates that above the cut point 850 µm, the copper 

contamination is more dominant than the aluminium 

contamination. 

Inside the cutting chamber, size reduction occurs through 

shearing and cutting stress (Schubert and Bernotat, 2004). 

Cutting actions applies a localised force that induces failure of 

the material right next to the knife edge as a result of shear 
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and tensile stresses. With the assumption that there is no 

interaction between the active materials assembly and the 

electrode. The tensile strength of copper (220 MPa) has been 

reported to be higher than the tensile strength of aluminium 

(105 MPa – 145 MPa) (Butt et al., 2016). Moreover, copper 

(2.65 GPa) also has a higher ideal shear strength as compared 

to aluminium (1.85 GPa) shear strength (Roundy et al., 1999). 

In light of these facts, an inconsistency was found. By 

considering the shear and tensile strength of copper and 

aluminium, it is expected that the aluminium would be more 

readily liberated in the finer size region. However, the findings 

seem to contradict this fact. By comparing the plot of Co-Al and 

Co-Cu in the Fuerstenau recovery curve, there is a trend switch 

in the recovery and re-mixing region. Where, in the recovery 

region, increasing the cut point size leads to a higher increase 

in aluminium recovery rather than copper recovery. 

Additionally, in the re-mixing region, this trend does not hold 

true and switch towards more copper being recovered as the 

cut point become larger.  

The interaction between aluminium and copper (Al-Cu) when 

plotted for a Fuerstenau recovery curve and ηore, in which the 

aluminium is taken as the valuable component and shown in 

Figure 4-7 and Figure 4-8. As it can be seen from Figure 4-7, 

the Fuerstenau upgrading curve of Al-Cu also shows a switch in 

trend. Initially, the Fuerstenau upgrading diagram shows 

recovery of aluminium above the diagonal line prior to 

approaching cut point 212 µm. However, as the cut point size 

increased, the re-mixing line lies below the diagonal line. 

Similarly, for the ηore curve, the efficiency is only positive in the 

region of < 212 µm and the ηore become a negative value 

onwards. The ηore negative value implies that the recovery rate 
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of waste material (Cu) is higher than that of the valuable 

material (Al) as the cut point size became larger. With the 

highest ηore for Al-Cu is 1.6 % with cut point 212 µm. Moreover, 

the cut point 2360 µm gives the highest ηore of copper towards 

aluminium. 

From the findings described above, the interaction between the 

active materials assembly towards the current collector cannot 

be ignored. This also demonstrates that LiCoO2-PVDF-Al is 

more resilient than that of C6-PVDF-Cu. The mechanical 

strength of current collectors and the adhesive strength of the 

binder are dependent upon the number of discharging and 

charging cycle the battery has been through.  

The repetitive cycle of charging and discharging the active 

materials undergoes repeated expansion and shrinkage due to 

the periodic intercalation and de-intercalation of lithium ions 

(Beaulieu et al., 2001, Obrovac et al., 2007, Li et al., 2015a). 

The repetitive deformation then induces mechanical ageing to 

the current collectors (Waldmann et al., 2014). Furthermore, 

degradation of PVDF adhesiveness on to the current collector 

has also been reported to weaken, causing contact loss of 

active material (Lee et al., 2016, Vetter et al., 2005). Therefore, 

a comparison to the new milled LIBs was made to observe the 

difference in selective liberation in new and spent LIBs.  
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Figure 4-9 Co-Al Fuerstenau recovery curve and ore separation 

degree (ηore) for new and spent milled LIBs. 

From Figure 4-9 Fuerstenau recovery curve, it can be seen that 

the milling of both new and spent LIBs induce selective 

liberation of LiCoO2 from the aluminium current collector. 

Furthermore, from Figure 4-9 it can be seen that better 

separation of LiCoO2 from aluminium can be observed in the 

case of milling new LIBs than the spent LIBs. The cut point 850 

µm (ηore,max) in milling new LIBs is has higher separation 

efficiency than that of spent LIBs. 
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Figure 4-10 Co-Cu Fuerstenau recovery curve and ore separation 

degree (ηore) for new and spent milled LIBs. 

Similar observation also made in the case of selective liberation 

of LiCoO2 from the copper current collector. From Figure 4-10 

it can be seen that the selective liberation of LiCoO2 from 

copper in milled new LIBs is better than that of milled spent 

LIBs. The cut point 850 µm (ηore,max) in milling new LIBs has a 

higher separation efficiency than that of spent LIBs. 

Comparing the new and spent LIBs, in Figure 4-9 and Figure 

4-10, the Co-Al and Co-Cu curves indicate better separation 

efficiency for the new LIBs. Moreover, after Co-Al and Co-Cu 
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the cut point became larger for both LIBs. Furthermore, the 

decrease in efficiency is more apparent for the Co-Cu ηore curve, 

compared to the Co-Al ηore curve for spent LIBs. This is thought 

to occur due to the difference in adhesive strength of PVDF 

binder with the copper and aluminium current collector. The 

active materials on the copper current collector (graphite) and 

on the aluminium current collector (LiCoO2) are held together 

by the PVDF binder to form a composite. The cushioning of 

copper and aluminium current collector by its respective active 

materials may help in prevent breakage during mechanical 

liberation. It has been reported that the adhesive strength of 

PVDF to copper (285.6 kPa)  in a new LIB is lower than that of 

aluminium (841.2 kPa) (Dai et al., 2019). Therefore, in the case 

of new LIBs, the lower PVDF adhesive strength towards copper 

current collector as compared to the aluminium current 

collector counterpart, may help explain the higher rate of 

decrease in efficiency as the ηore curve approaching ηore,max in 

the Co-Cu ηore curve as compared to the Co-Al ηore curve. 

As the LIBs are used in multiple cycles, the adhesive strength 

of PVDF onto copper and aluminium current collectors 

decreases to 55.5kPa and 132.8 kPa respectively, after 200 

cycles (Dai et al., 2019). Moreover, the elastic modulus of 

copper further decreases by 78.1%-80.0% as the battery 

cycled (Dai et al., 2019). For spent LIBs, the degradation of 

PVDF adhesive strength and the elastic modulus of the copper 

current collector may cause more copper to be liberated in the 

finer size region. The aluminium current collector counterpart 

also undergoes localised corrosion and produces perforation 

(Braithwaite et al., 1999). This corrosion induced perforation 

potentially weakens the mechanical properties of the 

aluminium foil in spent LIBs. Thus, in the case of spent LIBs, 
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the copper and aluminium current collectors are more 

contaminating in the finer size fraction (< 850 µm) and 

therefore translated as a lower overall ηore,max value. 

 

 

Figure 4-11 Al-Cu Fuerstenau recovery curve and ore separation 

degree (ηore) for new and spent milled LIBs. 

From Figure 4-11, the Fuerstenau upgrading diagram shows an 

Al-Cu curve of spent LIBs below the diagonal line in the size 

range of > 212 µm. Whereas, the new LIBs show a recovery 

curve below the diagonal line in the size range of > 2360 µm. 

Moreover, the ηore curves reveal that the cut point required to 

exploit this selectivity increases from 2360 µm (ηore,max= 10.6%) 

to 4750 µm (ηore,max= 11.9%). It is also important to point out 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0% 20% 40% 60% 80% 100%

V
a
lu

a
b
le

 R
e
c
o
v
e
ry

 (
w

t%
)

Waste Recovery (wt%)

New

Spent

-15%

-10%

-5%

0%

5%

0

2
0
0
0

4
0
0
0

6
0
0
0

8
0
0
0

1
0
0
0
0

1
2
0
0
0

1
4
0
0
0

η
o
re
%

Cut point (um)

New

Spent



Chapter 4 Particle Characteristics of Dry Milled LIBs 
 

130 

 

that the Al-Cu ηore curve predominant size is different for spent 

and new LIBs. The new LIBs have an Al-Cu ηore curve that is 

more dominant towards the larger size region. Whereas, the 

ηore curve of spent LIBs has shifted towards the finer size region. 

The change in predominant size towards the finer size region, 

indicates the copper and aluminium to favour further breakage 

into the smaller size region. Therefore, the better mechanical 

properties of positive and negative electrode in new LIBs 

synergistically translates to a larger cut point as compared to 

spent LIBs. While the increase in ηore,max is caused by the lower 

recovery of copper towards aluminium in size range of < 2360 

µm. 

4.3.2 SEM-EDX morphology study 

Observation of different size fractions using SEM was made. 

This morphological analysis aims to understand the 

characteristics of active materials for different size fractions. 

Samples were mounted to aluminium stage with adhesive 

carbon tape. The size fraction of > 4750 µm was not analysed 

and based on visual inspection; it is assumed to be the same 

as the size fraction 4750 µm – 2360 µm. This is thought not to 

bias the results for the size fraction of > 4750 µm only holds 

less than 7wt%. The positive electrodes, negative electrodes, 

and separators were manually collected by using a tweezer for 

size fraction 4750 µm – 2360 µm and 2360 µm – 850 µm. 

Whereas, Size fraction 850 µm – 212 µm, 212 µm – 38 µm and 

<38 µm were directly mounted onto the adhesive carbon tape. 

The same preparation also carried out for the milled classified 

new LIBs. Gold sputtering was then carried out with a 4 nm 

thickness to make the surface conductive. 
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Figure 4-12 SEM image of size fraction 4750 µm – 2360 µm; New 

LIBs: A Positive electrode, B Negative electrode, C Separator; Spent 

LIBs: D Positive electrode, E Negative electrode, F Separator 

From Figure 4-12, it was discovered that both positive and 

negative electrode active materials are contaminating the 

surface of the current collector. Figure 4-12 also demonstrates 

that there is no difference in terms of morphology for the new 

and spent LIBs. From Figure 4-12 A and D, there is a partial 

detachment of LiCoO2 particles from the aluminium current 

collector. The LiCoO2 that are still attached to the current 

collector is still firmly held by the binder. Moreover, the 

preliminary liberation induces the detachment of positive 

electrode active materials from its current collector in the form 

of a big package, indicated by the crack and the clear transition 
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between the side that has LiCoO2 particles partially removed 

and intact (Figure 4-12 A and D). Moreover, the side that has 

already lost many of its active materials is still contaminated 

with a thin layer of LiCoO2 laminate. 

Similar observation also made with the negative electrode that 

still holds its graphite partially intact (Figure 4-12 B and E). 

However, there is a transition region between the side that has 

graphite particles that are partially removed and intact. This 

indicates that graphite-PVDF-graphite interaction is relatively 

weaker compared to LiCoO2-PVDF-LiCoO2 interaction.  

The separators collected from the size fraction 4750 µm – 2360 

µm are contaminated with both LiCoO2 and graphite. This may 

have been due to the compression action in the cutting mill. 

However, the attachment of the active materials is weak. By 

manually folding the separator using a tweezer, the powders 

attached to the separator were transferred onto the carbon 

tape (Figure 4-12 C). This indicates that the attachment of 

positive and negative electrode active materials onto the 

separator is relatively weak but sieving alone does not help in 

detaching the active materials cast on the separator. The new 

LIBs also show the same characteristics (Figure 4-12 F). 

For the size fraction >2360 µm, the particles in this region 

contain positive and negative electrodes that have undergone 

size reduction and accompanied by the partial liberation of 

active materials. The active materials are still firmly held by the 

binder and contaminating the surface of the electrodes. The 

analysis also shows that the graphite is more liberated 

compared to the LiCoO2 particles. Some active materials are 

also found to be attached to the separator, and as a result, it 

may reduce the recovery of LiCoO2 during size-based 

separation. 
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Figure 4-13 SEM image of size fraction 2360 µm – 850 µm; New LIBs: 

A Positive electrode, B Negative electrode, C Separator; Spent LIBs: 

D Positive electrode, E Negative electrode, F Separator. 

Figure 4-13, which is the 2360 µm – 850 µm reveals that the 

positive and negative electrodes active material are still 

contaminating the surface of the current collector as well as the 

separator. Figure 4-13 also indicates no morphological 

difference between the new and spent LIBs. From Figure 4-13 

A and D, LiCoO2 particles in the size fraction of 2360 µm – 850 

µm are firmly held by the binder and covers the aluminium 

current collector. This phenomenon indicates that the 

preliminary liberation also induces size reduction with the 

minimum liberation of LiCoO2 particles from its aluminium 

current collector (i.e. the aluminium and active material breaks 
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in unity). From Figure 4-13 B and E, the copper current 

collector is still contaminated with graphite. However, it is 

cleaner when compared to the positive electrode. This also 

indicates that the graphite is readily liberated as compared to 

LiCoO2 particles that remain fixed.  From Figure 4-13 C and F, 

the separator is contaminated with LiCoO2 and graphite 

particles. The attachment of LiCoO2 and graphite particles to 

the current collector is relatively weak, as discussed in the size 

range 4750 µm – 2360 µm. 

From the size fraction 2360 µm – 850 µm, it is shown that this 

region contains a positive electrode that has undergone a 

reduction in size with the minimum liberation of LiCoO2 particles. 

However, the negative electrode is relatively clean from 

graphite. Similarly, with the finding from size range 4750 µm – 

2360 µm, the graphite is more readily liberated than the LiCoO2 

particles from its current collector. Active materials also found 

to be contaminating the separator that also hinders size-based 

separation.  
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Figure 4-14 SEM image of size fraction < 850 µm ; New LIBs: A 

Powder from size fraction 850 µm – 212 µm, B Zoomed LiCoO2-PVDF 

aggregate from size fraction 850 µm – 212 µm identified by EDX, C 

Powder from size fraction 212 µm – 38 µm, D Powder from size 

fraction < 38 µm; Spent LIBs: E Powder from size fraction 850 µm – 

212 µm, F Zoomed LiCoO2-PVDF aggregate from size fraction 850 

µm – 212 µm identified by EDX, G Powder from size fraction 212 µm 

– 38 µm, H Powder from size fraction < 38 µm. 

A 

B 
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Figure 4-14 presents the morphology of new and spent LIBs in 

size range of < 850 µm, and it can be concluded that there is 

no significant difference between the two. From Figure 4-14 A 

and E, the size fraction 850 µm – 212 µm contains lumps of 

graphite and LiCoO2 particles that have been detached from its 

current collector and only held together by the binder. 

Moreover, there are substantial LiCoO2 fine particles 

aggregates (Figure 4-14 B and F) that are covered by the 

binder. Similar observation also made for the size range of 212 

µm – 38 µm (Figure 4-14 C and G) as well as size range of < 

38 µm (Figure 4-14 D and H). With the only difference being 

the size of the aggregates, where the size fraction < 38 µm 

shows the least aggregation between particles. Thus, the size 

fraction of < 850 µm may be classified as the size fraction that 

concentrates detached active materials but is still held together 

by the PVDF binder. 

The surface morphology study allows the identification of the 

breakage mechanism of LIBs during mechanical liberation. The 

combination of size-based hierarchy and morphology study can 

be used to understand the impact of PVDF adhesiveness 

towards the current collector breakage in mechanical liberation 

by comparing the new and spent LIBs and further discussed. 

4.3.3 The concurrence of morphology observation and 

size-based hierarchy 

From the observation above, the new and spent LIBs does not 

exhibit a significant difference in terms of morphological 

characteristics. From the morphological analysis, a distinct 

property is observed above the cut point 850 µm. The copper 

foils are cleaner compared to the aluminium foils due to 

graphite particles are more readily liberated as compared to 

LiCoO2 particles. The positive and negative electrode active 
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materials show similar morphology behaviour below the cut 

point of 850 µm. Moreover, the separator is also contaminated 

by positive and negative electrode active materials. 

From the morphological study that has been carried out using 

SEM, the liberated LIBs can be classified into four major 

categories based on the attachment of active materials onto 

the current collector and the size of the active materials 

detached. The larger size fractions with active materials still 

attached on to it are categorised as Category 1 and Category 

2. While the detached active materials that are still aggregated 

and held together by the binder are categorised as Category 3 

and Category 4. The characterisation are described as follow; 

  

Figure 4-15 Schematic diagram of Category 1 particle and its 

respective size-based recovery rate 

Category 1: Include the majority of particles that have 

experienced reduction in size, accompanied by some 

detachment of its active materials such as particles in the range 

of >2360 µm. The schematic diagram and the recovery rate of 

the size range > 2360 summarised in Figure 4-15. 
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Figure 4-16 Schematic diagram of Category 2 particle and its 

respective size-based recovery rate 

Category 2: Include particles that have a reduction in size with 

the active materials held by the binder and attached to its 

current collector, such as in the range of 2360 µm – 850 µm. 

The schematic diagram shows in Figure 4-16 is only true for 

positive electrode while the negative electrode is relatively 

cleaner. 

 

 

Figure 4-17 Schematic diagram of Category 3 particle and its 

respective size-based recovery rate 

Category 3: Active materials that have been detached from its 

current collector and still held together by the binder. This type 

of particles appear as aggregates for the particle size of 850 

µm – 38 µm. The schematic diagram and the recovery rate of 

the size range 850 µm - 38 µm summarised in Figure 4-17. 
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Figure 4-18 Schematic diagram of Category 4 particle and its 

respective size-based recovery rate 

Category 4: Active materials that have been detached from 

current collector and accompanied with minimum aggregation 

for the particle size of < 38 µm. The schematic diagram and 

the recovery rate of the size range < 38 µm summarised in 

Figure 4-18. 

In the case of spent LIBs, the stronger attachment of PVDF-

LiCoO2 onto the aluminium current collector compared to PVDF-

graphite onto the copper current collector may help in 

explaining the change of trend in the re-mixing line of 

Fuerstenau upgrading diagram discussed in the previous 

section. The positive electrode found in the size region of 2360 

µm – 850 µm were aluminium foils covered with LiCoO2 

particles and held together by the binder. The negative 

electrode counterpart has a minimum attachment of graphite 

particles. Therefore, the attachment of PVDF-LiCoO2 particles 

onto the aluminium foil prevents it from breaking even further. 

While the the weaker attachement of PVDF-graphite onto the 

copper current collector have minimised this benefit and 

therefore concentrated at smaller size fraction. This can be 

seen from the size-based recovery rate presented in Figure 

4-15 to Figure 4-18. The size-based recovery rate explains the 

recovery rate of a certain recoverable given it is isolated in a 
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given size range and the sum of recovery rate of a certain 

recoverable for the entire size range is unity. 

From the characterisation of milled spent LIBs, when the size 

fraction above 2360 µm is isolated, the recovery rate of 

aluminium is higher than that of copper. Moreover, the 

recovery rate of copper is higher than aluminium in size range 

of 2360 µm to 212 µm and became aluminium dominant in the 

size fraction < 212 µm. Although copper has better ideal 

mechanical properties and the perforation that occurs on the 

aluminium current collector, the stronger attachment of PVDF-

LiCoO2 to aluminium current collector seems to improve its 

overall mechanical properties and preventing it from breaking 

during milling. Instead, the shear and tensile stresses induced 

by the cutting mill dislodged the LiCoO2 laminates in the form 

of aggregates and forming Category 1 particles and the 

dislodged LiCoO2 package concentrated in the size region of < 

850 µm (Category 3 and 4). However, when the stress-strain 

induced by the cutting mill does not dislodge the materials on 

its surface. Instead, it reduces the particle size while 

maintaining the active materials intact, covering the whole 

surface area of the current collector resulting in Category 2 

particles. Conversely, there may not be a tangible benefit 

towards the mechanical properties for copper current collector. 

This is due to the weak bonding between PVDF-graphite to the 

copper current collector. This is combined with the reduction in 

elastic modulus of copper current collector as the battery is 

cycled, causing the copper to be selectively liberated in the finer 

region when compared to aluminium. 

As a baseline, comparison with milled new LIBs was carried out. 

From the size-based recovery hierarchy, it can be seen that the 

new LIBs have minimum contamination from copper and 
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aluminium in the size region of < 850 µm. The better 

mechanical properties of the current collector and attachment 

of PVDF binder translates to lower contamination of copper and 

aluminium in the finer size region. A dramatic difference can be 

observed when comparing the copper recovery in the size 

region of > 2360 µm (Category 1) for the new and spent LIBs. 

The milled new LIBs recover 73.6 wt% of copper, whereas the 

spent LIBs only recover 59.8 wt% of copper. The milled new 

LIBs produce more Category 1 copper particles that indicate 

the significance of the PVDF binder in preventing the breakage 

of the copper current collector. Moreover, the better 

mechanical properties of the copper current collector in the new 

LIBs inhibits the breakage of copper particles with minimum 

active materials attachment (2360 µm – 850 µm) into fine 

particles that contaminates the finer size region (< 850 µm).  

Similar interpretation also made with the aluminium particles, 

in which in the case of new LIBs is less contaminating in the 

finer size region. Instead, an increase in the recovery of 

aluminium in the Category 1 and Category 2 particles are 

observed. The better mechanical properties of LiCoO2-PVDF-

LiCoO2 also prevent the breakage of Category 3 particles into 

Category 4 particles during mechanical liberation. 

4.4 Conclusion 

This chapter presents a systematic experimental study aimed 

at understanding the selective liberation of positive electrode 

active material during milling. From the analysis that has been 

carried out, the liberation is indeed a selective phenomenon 

with the optimum cut point of 850 µm. In the size fraction <850 

µm, the recovery for spent LIBs is 43.7 wt% of LiCoO2 with a 

minimum recovery of aluminium and copper (8.8 wt% and 10.3 

wt%) from the feed. However, more than 50 wt% of LiCoO2 is 
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found in the size region of >850 µm, and it contains a 

substantial amount of aluminium and copper (91.2 wt% and 

89.7 wt%) from the feed and are not suitable to be treated with 

leaching. 

Milling spent LIBs induces selective liberation of LiCoO2 

particles. From the morphological analysis, LiCoO2 particles 

have a stronger attachment to its current collector than the 

graphite counterparts. From the morphological analysis done, 

a significant difference between the positive and negative 

current collector’s surface can be seen in the size fraction of 

2360 µm – 850 µm where the negative electrodes are cleaner 

compared to the positive electrode. The contradiction between 

copper and aluminium recovery rate towards LiCoO2 recovery 

rate in the re-mixing line of Fuerstenau upgrading curve may 

be explained by the stronger attachment of LiCoO2-PVDF-Al 

compared to graphite-PVDF-Cu. Other than the positive and 

negative electrode, some of the LiCoO2 particles adhere to the 

separator after liberation. This may be caused by the 

compression action of the cutting mill. It also reduces the 

recovery rate of liberated LiCoO2 in smaller size fraction. 

The comparison between new and spent LIBs was made with a 

distinct difference observed for the selective liberation of 

copper towards cobalt and aluminium. Better separation 

efficiency of LiCoO2 particles is observed in the selective 

liberation of new LIBs. The better physical properties of current 

collectors and the adhesiveness of the binder in the new LIBs 

have made the finer size region to be contaminated by the 

copper and aluminium. The effect of PVDF binder in preventing 

the breakage of copper current collector can be observed by 

the more occurrence of copper related to the Category 1 

particles in new LIBs than in spent LIBs. Whereas, the better 
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mechanical properties of new LIBs prevent the breakage of 

current collectors that contaminates the fine size region (< 850 

µm). 

The mechanism of the selective liberation of LiCoO2 particles 

has been proposed. During milling, two possible outcomes may 

arise. Either LiCoO2 particles are dislodged and released in the 

form of LiCoO2-PVDF aggregates that are concentrated in the 

size fraction of < 850 µm or size reduction occurs while 

maintaining its attachment to the current collector. However, 

the size of the LiCoO2-PVDF aggregates that are dislodged is 

still far from the actual size of LiCoO2 particles as found in spent 

LIBs. Therefore, the optimum cut point proposed (850 µm) is 

greater than the actual size of LiCoO2 particles found in spent 

LIBs (ca. 1.50 µm – 7.80 µm (Pavoni et al., 2018)). 
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5.1 Introduction 

  

Figure 5-1 Photograph of the attrition scrubbing setup (left) and 

diagram of the reverse pitched impeller (right). 

The attrition of particles are associated with impact-based 

stress that produce fine particles (Materic et al., 2014). 

Attrition scrubbers have been design to induce impact and 

shearing action between particles that promotes surface 

abrasion and produces fine particles (Kim et al., 2010, Bayley 

and Biggs, 2005, Du et al., 2019). Attrition scrubbing is 

conventionally used to upgrade minerals by removing surface 

impurities such as sand cleaning, delamination of kaolin and 

graphite and turning it into saleable products (Sandgren et al., 

2016). A rotating impeller produces powerful attrition when 

particles rub against each other in a thick-high density pulp. 

The two distinct properties of attrition scrubbing are the 

opposing pitched blades that reverse the flow of the pulp and 

an octagonal tank that induces turbulent mixing (Figure 5-1). 

WEMCO 1L attrition cell was used to conduct the experiments 

as shown in Figure 5-1. 

Chapter 5  Selective Liberation of LiCoO2 

Particles 
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Looking at the morphology of particles after preliminary 

liberation, LiCoO2 particles are still held by the PVDF binder. 

From Chapter 4, it was observed that the milled spent LIBs 

comprise of active materials that are still attached on to the 

current collectors in the size region of > 850 µm. The active 

materials that have been detached from the current collectors 

are concentrated in the size region of < 850 µm. Thus, by 

considering the morphology, the use of attrition scrubbing may 

be suited for the facilitate liberation of LiCoO2 particles. 

As the components found in LIBs comprises of inherently 

malleable materials and unable to abrade each other. Hence, 

the use of attrition media is deemed to be appropriate. Silica 

sand as the attrition media is used with the size range of 2360 

µm – 850 µm. It was expected that the copper and aluminium 

current collectors that are still contaminated by the LiCoO2 and 

graphite particles (> 850 µm) would be scrubbed during 

attrition. While the active materials aggregates (< 850 µm) 

would be disaggregated by the impact liberation during attrition. 

A schematic diagram of the potential liberation mechanism is 

presented in Figure 5-2. 

 

 

Figure 5-2 The hypothesis of silica sand media on different particle 

morphology of dry milled LIBs in attrition scrubber; size fraction of > 

850 µm (left) and size fraction of < 850 µm (right) with the silica 

sand media represented by the circles.  
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5.2 Experimental details 

 

Figure 5-3 Flow diagram of the experimental design. 

Attrition scrubbing were conducted in a WEMCO 1L standalone 

attrition cell. In this study, the impeller speed is set to be 

constant at 1000 rpm. Clean low iron silica sand in size range 

of 2360 µm – 850 µm was used. The flow diagram of the 

experiment is summarised in Figure 5-3.  The calculation of 

LIBs to silica sand ratio and pulp density (wt%) are shown as 

Equation 5-1 and Equation 5-2. 

𝐿𝑖𝐵𝑠 𝑡𝑜 𝑆𝑖𝑙𝑖𝑐𝑎 𝑠𝑎𝑛𝑑 𝑟𝑎𝑡𝑖𝑜 (𝑤𝑡%) =
𝑚𝐿𝐼𝐵𝑠

𝑚𝑆𝑎𝑛𝑑
 

Equation 5-1 

 

𝑃𝑢𝑙𝑝 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑤𝑡%) =
𝑚𝐿𝐼𝐵𝑠 + 𝑚𝑆𝑎𝑛𝑑

𝑚𝐿𝑖𝐵𝑠
+ 𝑚𝑆𝑎𝑛𝑑 + 𝑚𝑤𝑎𝑡𝑒𝑟

 
Equation 5-2 

Where, mLIBs is the dry mass of spent LIB, mSand is the dry mass 

of the silica sand media, and mwater is the mass of the added 

water. 

A certain amount of water, silica sand and shredded LIBs were 

added into the attrition cell. Once the attrition scrubbing 

experiment has finished, the product is wet sieved with 5L 
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water by using 38 µm nominal aperture size and a 212 µm sieve 

to prevent damage. The wet sieving produces size fraction of 

212 µm – 38 µm and < 38 µm. The products then dried in an 

oven at temperature of 80oC, to prevent HF formation as 

explained in Chapter 3, until constant weight was achieved. 

Furthermore, the size fraction of > 212 µm is further sieved to 

assess the breakage mechanism. The particles are further 

sieved into the size fractions of > 4350 µm, 4350 µm – 2360 

µm, 2360 µm – 850 µm, and 850 µm – 212 µm. The particle 

size of 212 µm – 38 µm and < 38 µm is mixed with the particle 

from the wet sieving and weighted together. Each different size 

fraction then analysed for morphological analysis by using SEM-

EDS to confirm the breakage mechanism. The different size 

fractions also subject to elemental analysis using ICP-MS as 

described in Chapter 3 to assess the liberation rate of LiCoO2 

particles as compared to the breakage rate of the copper and 

aluminium component. 

The representative samples used for this entire chapter can be 

found in Appendix III.  
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5.3 Results and discussions 

5.3.1 Suitability of attrition scrubber for the selective 

liberation of LiCoO2 particles 

  

  

  

Figure 5-4 Photograph of  2.5 min attrition time products: a) > 4750 

µm, b) 4750 µm – 2360 µm, c) 2360 µm – 850 µm, d) 850 µm – 212 

µm, e) 212 µm – 38 µm, f) < 38 µm. 

The ability of attrition scrubber to selectively liberate LiCoO2 is 

initially measured by assessing 2.5 min attrition time with 70 

wt% pulp density and 10 wt% of LIBs to silica sand ratio. The 
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experiment is carried out in triplicate. The photograph of the 

classified products is presented in Figure 5-4. Visual inspection 

reveals that the battery separator is predominantly found in the 

larger size fraction (> 850 µm) and minimum in the smaller 

size region (< 850 µm), indicating that the flexible separator 

undergoes minimum breakup during attrition scrubbing. 

  

Figure 5-5 Size distribution (left) of classified 2.5 min attrition 

product and key elements distribution (right). 

From Figure 5-5 it can be seen that the classified attrition 

products in the size range of 2360 µm – 850 µm and < 38 µm 

have the largest wt%. The 2360 µm – 850 µm, which is the 

size range of the attrition media being used is expected to have 

the highest mass proportion (88.9 wt%) that indicates 

minimum breakage of the silica sand media. The second 

highest mass proportion was found from the size range of < 38 

µm (6.7 wt%). The production of fine particles is the expected 

outcome from the attrition scrubbing. The size range of < 38 

µm also has the highest concentration of cobalt 29.8 wt%. This 
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translates to 49.5 wt% LiCoO2 and a recovery rate of 78.9 wt%. 

Moreover, the size fraction of < 38 µm contains minimum 

amount of copper and aluminium. From analysis, the 

concentration of aluminium and copper in the size region of < 

38 µm are 1.5 wt% and 0.9 wt% respectively. The copper and 

aluminium concentration translates to an overalls recovery rate 

of 13.2 wt% and 5.8 wt%. Thus, it can be shown the attrition 

scrubber does induce selective liberation of LiCoO2 particles in 

the finer size region.  

Table 5-1 Comparison of the Fuerstenau recovery curve of the 

shredded LIBs (1st stage) and attrited shredded LIBs (2nd stage). 
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To have a better understanding, the Fuerstenau recovery curve 

of before and after attrition is then compared and summarised 

in Table 5-1 for the different interactions between cobalt, 

copper, and aluminium. From Table 5-1 the Co-Al and Co-Cu 

recovery lines are further apart above the diagonal line from 

the 1st stage initial liberation compared to the 2nd stage when 

applying attrition scrubbing. However, the Al-Cu Fuerstenau 

recovery curve shows minimum selective liberation in 1st and 

2nd stage of liberation. 

The improvement of the selective liberation can be measured 

by integrating the Fuerstenau recovery curve. It is important to 

point out that the area of 0.5 arbitrary unit (a.u) is the highest 

possible area bound by the recovery line and the diagonal line. 

In this study, the integration is done by employing trapezium 

method of integration and the results are presented in Table 

5-2. 

Table 5-2 Area bound by the recovery line and the diagonal line.  

Recovery 

Line 

Area (arbitrary unit) 

1st Stage 2nd Stage Change 

a.u. % a.u. % a.u. % 

Co-Al 0.21 42.7 0.40 79.3 0.18 36.6 

Co-Cu 0.17 34.4 0.38 77.0 0.21 42.6 

Al-Cu 0.07 14.3 0.08 16.5 0.01 2.2 

 

From the results presented in Table 5-2, the initial liberation 

using only a cutting mill does induce a degree of selective 

liberation of cobalt towards aluminium and copper by 42.7 % 

and 34.4 %respectively. Attrition scrubbing as the second stage 

of liberation improves the selective liberation of cobalt towards 

aluminium and copper by 36.6 % and 42.6 % respectively. 
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There is only a slight increase in the selective liberation 

efficiency between aluminium and copper by 2.2 %. Thus, the 

separation of aluminium and copper based on size for attrition 

scrubbing product is still unlikely. 

Furthermore, the optimum cut point that concentrates LiCoO2 

particles with minimum contamination from aluminium and 

copper can then be assessed based on the ore separation 

degree (ηore) plot. The ηore,max is compared for the first and 

second stage liberation and shown in Table 5-3. 

Table 5-3 Comparison of ore separation degree of the shredded LIBs 

(1st stage) and attrited shredded LIBs (2nd stage). 
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However, it is suspected that the cut point of 212 µm still 

contains LiCoO2 particles that are not well liberated and still 

held together on the PVDF binder. Moreover, the smaller cut 

point of 38 µm produce a lower separation efficiency of 66.7 % 

and 74.0% for Co-Al and Co-Cu respectively. 

Morphology analysis by using SEM-EDX with back scattered 

detector was then carried out for the different size fractions to 

understand the liberation achieved by attrition scrubbing. The 

morphological observations for the different size range is 

presented in Figure 5-6.  

  

  

  

Figure 5-6 SEM image from 2.5 min attrition product; A 2360 µm – 

850 µm copper foil, B 2360 µm – 850 µm aluminium, C 850 µm – 

212 µm copper, D 850 µm – 212 µm aluminium, E 212 µm – 38 µm 

powder, F < 38 µm powder. 

A B 

C D 

E F 
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From Figure 5-6 A and B, it can be seen that the copper and 

aluminium in the size fraction of 2360 µm – 850 µm foils are 

relatively clean from the active materials laminates as 

compared to the particles, previously discussed in Chapter 4, 

prior attrition scrubbing. The copper current collector is 

relatively cleaner than that of the aluminium counterpart. This 

phenomenon can be explained by the weaker attachment of 

graphite on the copper current collector as compared to the 

aluminium counterparts. Therefore, it is expected that the 

liberation of LiCoO2 is also accompanied by the liberation of 

graphite. 

Figure 5-6 C and Figure 5-6 D shows clean copper and 

aluminium in the size fraction of 850 µm – 212 µm. Prior 

attrition, this size fraction concentrates LiCoO2 and graphite 

aggregates and shows the least amount of copper and 

aluminium components. The observation suggest that the 

copper and aluminium found in this size region is attributed 

from the breakage of copper and aluminium from the size 

fraction > 850 µm after 2.5 min attrition time. Furthermore, 

the initially aggregated LiCoO2 particles can no longer be found 

in this size fraction. Instead, the particles have been 

disaggregated into the size fraction of < 212 µm as observed 

in Figure 5-6 E and Figure 5-6 F. 

From Figure 5-6 E and F, it can be seen that the both size 

fractions of 212 µm – 38 µm and < 38 µm concentrates the 

LiCoO2 and graphite particles. However, it is important to point 

out that the LiCoO2 particles in the size range of 212 µm – 38 

µm are still held together by the PVDF binder. Whereas, the 

LiCoO2 particles in the size range of < 38 µm have been 

disaggregated. However, the copper and aluminium 

components were not observed in Figure 5-6 F and suspected 



Chapter 5 Selective Liberation of LiCoO2 Particles 

156 

 

to break into fine particles and contaminated the surface of the 

larger particles. 

 

  

  

Figure 5-7 EDX Elemental mapping of 2.5 min < 38 µm attrition 

product. 

To confirm that the copper and aluminium contaminating the 

surface of the larger particles, elemental mapping by using EDX 

was carried out for the attrition product of < 38 µm. The EDX-
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elemental mapping was set to detect the cobalt, silica, copper 

and aluminium elements and the results of the elemental 

mapping is presented in Figure 5-7. From the observation, it 

was found that some of the graphite, LiCoO2 and SiO2 particles 

are contaminated by copper and aluminium fine particles. From 

the elemental mapping results, it is understood that further 

mechanical separation of copper and aluminium from this 

powder may be challenging. 

Comparing the particle morphology of before and after attrition, 

the impact and shearing load appears to liberate the active 

materials that laminate the positive and negative electrodes. 

The impact load causes the disaggregation of LiCoO2 and 

graphite and is concentrated in the size fraction < 38 µm and 

scours the particles from the aluminium and copper current 

collectors. The size fraction of 850 µm - 212 µm does not 

initially have clean copper and aluminium. However, after 

attrition, clean copper and aluminium can be found in this 

region. Thus, the liberation of LiCoO2 and graphite particles also 

followed by the breakage of copper and aluminium. The 

breakage of copper and aluminium current collector is deduced 

to be slower than that of the active materials. To confirm this, 

the study related to the breakage kinetics of LiCoO2 laminate 

as compared to the copper and aluminium current collector was 

carried out. 

5.3.2 The breakage kinetics and its implication 

To understand the liberation mechanism induced by attrition 

scrubber, the attrition time from the previous sub section is 

then extended. The pulp density and the LIBs to silica sand 

ratio was kept constant at 70 wt% and 10 wt% respectively. 

Each attrition time is carried out in triplicate. Samples from the 

size fractions 4750 µm – 2360 µm, 2360 µm – 850 µm, 850 
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µm – 212 µm, 212 µm – 38 µm, and < 38 µm with different 

attrition time is varied and assessed for key elements analysis 

of aluminium, cobalt, and copper. 

The comparison between the breakage kinetics of the different 

components inside spent LIBs. Breakage kinetics of wet and dry 

grinding has been reported to be a first order (Sadler III et al., 

1975). The rate of disappearance, by breakage, from a given 

narrow size, is given by Equation 5-3. 

𝑑𝑤

𝑑𝑡
= −𝑘𝑤 

Equation 5-3 

Where w is the weight of material in the given size fraction, t is 

time, and k is milling rate constant for the given size fraction. 

k is, in general, different for each size fraction present and is 

dependent on the operating parameters. 

Equation 5-3 may be integrated to give Equation 5-4. 

𝑤 = 𝑤𝑜𝑒−𝑘𝑡 Equation 5-4 

Where wo is the initial amount of material present in the specific 

size range. Equation 5-4 suggest that a plot of ln w versus t 

should be a straight line with ordinate intercept ln wo and slope 

equal to –k. 

Two cut points of 2360 µm and 38 µm are assessed for the 

breakage kinetics. The cut point 2360 µm assess the 

delamination of LiCoO2. Whereas, the cut point 38 µm assess 

the disaggregation of the LiCoO2 laminates. 

The fines generated in the size fraction of < 38 µm is firstly 

discussed. The cobalt is plotted in different figure than that of 

copper and aluminium component to prevent the copper and 

aluminium plot became constricted. 
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Figure 5-8 The breakage kinetics of aluminium, copper, and LiCoO2 

laminate (cobalt) for less than 2360 µm and 38 µm. 
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From Figure 5-8, in the initial phase, the breakage kinetics of 

aluminium, copper, and cobalt does not initially follow the first-

order breakage kinetics for both the 2360 µm and 38 µm cut 

point. This is ignored when calculating the breakage kinetics. 

The breakage rate comparison of aluminium, copper and cobalt 

is calculated using the linear region. Therefore, in this study, 

the breakage kinetics were calculated using the points after 

initial breakage. 

From Figure 5-8 a, by comparing the aluminium and copper 

breakage gradient, it can be seen that the aluminium 

component experiences a slower breakage rate than that of the 

copper component. This can be explained via the copper foil 

mechanical degradation after the battery is being cycled that 

makes copper mechanically weaker than aluminium. The 

weaker attachment of graphite laminate on to copper than that 

of LiCoO2 laminate on to aluminium may also help to explain 

this phenomenon. The copper became more susceptible to 

breakage by the attrition media as compared to the aluminium 

foil that is more protected by the LiCoO2 laminate. 

Figure 5-8 b shows the breakage kinetics of the LiCoO2 particles 

via the detection of cobalt through the cut point 2360 µm. 

Comparing the gradient of LiCoO2 laminate breakage kinetic to 

that of aluminium and copper, it can be seen that the LiCoO2 

laminate breaks at a faster rate than that of copper and 

aluminium. This also implies that the liberation of LiCoO2 

particles is required prior to the breaking of the aluminium. 

Hence, this also confirms that the LiCoO2 laminate prevents the 

breakage of the aluminium component. 

The breakage kinetics of aluminium and copper passing 

through the cut point of 38 µm is presented in Figure 5-8 c. 
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Similarly, to the phenomenon described for Figure 5-8 a, the 

aluminium breaks slower than that of copper.  

From Figure 5-8 d, it can be seen that the LiCoO2 laminate 

breakage rate towards the cut point of 38 µm is faster than that 

of copper and aluminium. The gradient of the cobalt breakage 

kinetics is much higher than that of copper and cobalt. The 

substantially faster breakage of LiCoO2 laminates towards the 

cut point of less than 38 µm is expected. The LiCoO2 particle 

size range found in spent LIBs is between 1.50 µm – 7.80 µm 

(Pavoni et al., 2018). This indicates that the liberation of LiCoO2 

particles that are still held together by the binder is much faster 

than the fines produced by the breakage of aluminium and 

copper. 

The comparison of the breakage kinetics of aluminium, copper 

and LiCoO2 laminate shows that the LiCoO2 laminate breaks 

faster than that of copper and aluminium. The faster rate of 

LiCoO2 laminate shows that it is selectively liberated during 

attrition. Moreover, the copper component breaks faster than 

the aluminium component. These may be caused by the 

following factors: 

• The copper and aluminium foils in the larger size fraction 

are still coated by the active materials and thus resulting in the 

liberation of active material laminates prior to the breakage of 

the copper and aluminium component during attrition. 

• The weaker attachment of graphite lamination on to 

copper current collector is than that of LiCoO2 lamination on to 

aluminium. Moreover, as the battery is cycled, the mechanical 

properties of copper degrade more severely than the aluminium 
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counterparts. These helps explain the faster breakage rate of 

copper when compared to aluminium. 

• The LiCoO2 laminate is held together by PVDF binder that 

has weaker mechanical properties than that of copper and 

aluminium. The copper and aluminium foil has higher tensile 

strength than PVDF (Butt et al., 2016, Group, 2011).As a result, 

the LiCoO2 particles are being disaggregated and thus resulting 

in faster liberation rate as compared to the copper and 

aluminium counterparts. This effect is more apparent for the 

breakage rate of cobalt in comparison with copper and 

aluminium into the size fraction of less than 38 µm. 

 

Figure 5-9 Recovery rate of aluminium, LiCoO2 (cobalt) and copper 

in the size fraction of less than 38 µm with varying attrition time. 

Figure 5-9 presents the recovery rate of aluminium, cobalt and 

copper concentrated in the size fraction of less than 38 µm. 

From Figure 5-9, LiCoO2 has the highest recovery rate 

compared to copper and aluminium. The increase recovery of 

LiCoO2 particles also followed by the decrease in LiCoO2 grade. 

With the assumption that the graphite is liberated with the 

same degree than that of LiCoO2 particle and the ratio of LiCoO2 

to graphite is constant. The concentration of the graphite 

particles in the size fraction < 38 µm is calculated based on the 

ratio of cobalt to graphite in LiCoO2 batteries from the published 
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data by (Wang et al., 2016c). By this way, the concentration of 

the silica sand in the < 38 µm attrition product can also be 

estimated and summarised in Table 5-4. 

Table 5-4 Composition of attrition products following attrition 

against time. 

Attrition 

Time 

(min) 

Concentration (wt%) 

Al LiCoO2 Cu Graphite Sand 

0.0 1.6 60.7 0.8 36.9 0.0 

2.5 0.8 48.7 1.0 39.1 10.4 

5.0 0.8 45.6 1.3 36.7 15.6 

10.0 0.9 44.6 1.3 35.9 17.4 

20.0 0.9 40.9 1.3 32.9 23.9 

 

From Table 5-4, despite the increase in recovery of LiCoO2 

particles as attrition time increases, the LiCoO2 grade decreases 

as the attrition time increases. This is attributed to the 

contamination caused by the silica sand media as attrition time 

increases. This is caused following the breakage of silica 

particles. The contamination from the attrition media is 

expected, and low iron silica sand has been chosen for it is 

chemically resistance to the lixiviant which has been proposed 

by researchers to leach the LiCoO2 particles. Therefore, the 

main leachable contamination of attrition products is copper 

and aluminium. From previously reported literature, a 

proportion of 5 wt% copper relative to LiCoO2 is a tolerable 

contamination for leaching and resynthesizing (Sa et al., 

2015b). Aluminium can initially be removed via dissolution by 

using NaOH. From Table 5-4, the 20 min attrition time results 

in only 3 wt% copper relative to LiCoO2. Therefore, the attrition 

product can be concluded to be suitable for subsequent 



Chapter 5 Selective Liberation of LiCoO2 Particles 

164 

 

hydrometallurgical processes. Remaining graphite can be 

separated from silica sand by using froth flotation due to the 

hydrophilicity difference (i.e. graphite is hydrophobic and silica 

sand is hydrophilic) (Lu and Forssberg, 2001). 

5.3.3 Parameters affecting attrition liberation 

From the results laid out in the previous sub sections, the 

LiCoO2 and graphite particles that were contaminating the 

surface of the current collectors are able to be liberated and 

concentrated by the impact and shearing load induced by the 

attrition scrubbing. The parameters affecting attrition 

scrubbing efficiency include the energy input into the system 

(i.e. residence time and impeller speed), contamination type 

and concentration (i.e. adsorbed or chemically bonded), and 

the particle morphology (i.e. entrapped in pores or surface 

contamination) (Bayley and Biggs, 2005). This sub-section 

aims at understanding the parameters affecting the efficiency 

of attrition scrubber in liberate and concentrate LiCoO2 particles 

while minimising the contamination from copper and aluminium. 

The parameters considered in this study include the pulp 

density, the LIBs to the attrition media ratio, and the attrition 

time. Moreover, parameters such as temperature and impeller 

speed are not included in this study. Parameter such as 

temperature does not directly correlates with the abrasive 

profile, rather it is useful towards organic species that its 

physical properties is dependent upon the temperature (Bayley 

and Biggs, 2005). Furthermore, the power consumption of an 

attrition scrubber can be controlled in two ways, by the attrition 

time or increase in impeller speed with lower attrition time. This 

correlation of attrition time and impeller speed also holds true 

in a pilot scale (Pétavy et al., 2009). Therefore, this study does 

not include variable impeller speed and temperature. 
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New sets of representative samples were prepared. Due to the 

time limitation, the experiment for each different attrition 

parameter is not repeated. To ensure that the composition from 

each sample does not significantly varies, five representative 

samples were analysed for key elements content and 

summarised in Table 5-5. 

Table 5-5 Representative sample assay (dry basis) 

Al (wt%) Co (wt%) Cu (wt%) Othersa 

(wt%) 

8.65 ± 0.84 25.26 ± 0.76 9.73 ± 0.20 56.36 ± 1.27 

aOthers include non-detected elements by ICP-MS 

*Standard error calculated based on 95% degree of confidence. 

From Table 5-5, the average cobalt concentration in the 

shredded dried LIBs was found to be 25.26 wt%. The copper 

and aluminium current collectors were found to be 9.73 wt% 

and 8.65 wt% respectively. Other component such as 

polymeric materials, graphite and lithium can be estimated. By 

considering the atomic proportions of LiCoO2 that translates 

25.26 wt% cobalt would bind with 2.98 wt% lithium and 13.72 

wt% oxygen, making 41.96 wt% of LiCoO2. Thus, the amount 

of polymeric materials and the graphite is estimated to be 

39.66 wt%. 

To study the effect of pulp density in attrition scrubbing 

liberation, the various pulp density was subject to 20 min 

attrition time with LIBs to media ratio of 20 wt%. The pulp 

density was varied from 50 wt% to 80 wt%. Once the attrition 

scrubbing has commenced, the product was classified using a 

38 µm sieve to produce LiCoO2 concentrate. The results are 

shown in Figure 5-10.  
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Figure 5-10 Trend in attrition product with varying pulp density. 
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to the scrubbing efficiency directly as it directly affects the inter 

particle collision. From Figure 5-10, it was revealed that the 

fines generated are generally increase as the pulp density 

increase. This is caused by the increase in probability of particle 

colliding with each other by increasing the pulp density. 

Moreover, the recovery of LiCoO2 increases as the pulp density 

increases. The increase in LiCoO2 recovery also followed by an 

increase in copper and aluminium recovery. However, the fines 

10%

12%

14%

16%

18%

20%

40 50 60 70 80 90

C
o
p
p
e
r 

R
e
c
o
v
e
ry

 

(w
t%

)

Pulp Density (wt%)

5%

7%

9%

11%

13%

15%

40 50 60 70 80 90

A
lu

m
in

iu
m

 R
e
c
o
v
e
ry

 

(w
t%

)

Pulp Density (wt%)

75%

80%

85%

90%

95%

100%

40 50 60 70 80 90

L
iC

o
O

2
R
e
c
o
v
e
ry

 

(w
t%

)

Pulp Density (wt%)

64%

72%

80%

88%

40 50 60 70 80 90

η
o
re

%

Pulp Density (wt%)

44%

46%

48%

50%

52%

40 50 60 70 80 90

L
iC

o
O

2
G

ra
d
e
 (

w
t%

)

Pulp Density (wt%)

12%

14%

16%

18%

40 50 60 70 80 90

F
in

e
s
 (

w
t%

)

Pulp Density (wt%)



Chapter 5 Selective Liberation of LiCoO2 Particles 

167 

 

produced and the recovery of LiCoO2, copper and aluminium 

quickly decrease as the pulp density approaching 80 wt%. This 

is due to the fact that a very thick pulp density causes the solids 

to rotate as one body with the impeller instead of bashing with 

each other and therefore decrease the scrubbing efficiency. The 

poor efficiency of 80 wt% pulp density also indicated by the 

sudden decrease of ηore to 64.8% as well as the LiCoO2 grade 

of 44.52 wt%. 

The spent LIBs are made of malleable materials that are easily 

packed together. These malleable materials are easily packed 

inside the attrition chamber and deposited in the dead zones 

inside the cell. This phenomenon may cause problems in an 

industrial scale as attrition scrubber works in a continuous 

manner and the gradual growth of solids accumulation in the 

dead zone may potentially interlock with the impeller. One of 

the ways to reduce this occurrence is by employing a more 

dilute pulp density that would give freer path for the particles 

but not too dilute that it will reduce the attrition efficiency. 

Other than the accumulation of solids in the dead zones, a more 

dilute pulp density also reduces the collision between the media 

itself and therefore improve the grade of LiCoO2 concentrate 

being produced. This can be seen from Figure 5-10, where the 

LiCoO2 grades decreases as the pulp density increases due to 

the increase in SiO2 in the concentrates. The pulp density of 60 

wt% gave the best LiCoO2 grade. The ηore signifies the 

efficiency of LiCoO2 recovered towards the copper and 

aluminium contamination with the chemically inert component 

of SiO2 and graphite are not considered. From Figure 5-6, the 

maximum ηore can be obtained by using 70 wt% pulp density, 

resulting in 80.53% efficiency. The optimum pulp density lies 

between 60 wt% to 70 wt%. The 60 wt% would give a better 
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grade of LiCoO2 concentrates, whereas the 70 wt% would give 

a better efficiency of LiCoO2 recovery towards the copper and 

aluminium. However, when the effect of dead zones is 

considered, the pulp density of 60 wt% would be a practical 

choice. It was also observed that 70 wt% causes particles to 

build up at the bottom of attrition cells that are difficult to 

collect. 

The ratio of spent LIBs to the attrition media was varied while 

holding the attrition time and pulp density constant at 20 min 

and 60 wt% respectively. The spent LIBs to silica sand was 

varied from 10 wt% to 40 wt%. Once the attrition scrubbing 

has commenced, the product was classified using a 38 µm sieve 

to produce LiCoO2 concentrate. The LiCoO2 and graphite 

powder are cast on to the aluminium and copper current 

collector and held together by the binder. In the attrition 

scrubber, the silica sand induces scouring that liberate the 

LiCoO2 and graphite powders. Once the LiCoO2 and graphite 

particles has been liberated, the attrition media abrade the 

surface of copper and aluminium current collector and liberate 

copper and aluminium in the fine size region. The range 

selected for this study has been selected that which induce 

scrubbing action by the attrition media towards the LIBs 

particles and avoid LIBs particles deposits on the wall inside the 

attrition chamber due to low proportion of attrition media. The 

results are shown in Figure 5-11. 
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Figure 5-11 Trend in attrition product with varying LIBs to attrition 

media ratio 

As the proportion of LIBs increases, the availability of LiCoO2 

and graphite powders ready to be liberated also increases. 

Figure 5-11 reveals that the fines < 38 µm generated as well 

as the LiCoO2 increases as the ratio of LIBs to media increased. 

This indicates that attrition scrubbing is a useful technique in 

liberating the LiCoO2 and graphite fine particles. From Figure 

5-11 the LiCoO2 recovery decreases substantially as the ratio 

of LIBs to attrition media increases. As the concentration of 

attrition media decreases, it also decreases the likelihood of 
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interaction between the attrition media. Therefore, it is 

expected that the mass generated due to the breakage of the 

attrition media is decreases as the LIBs to media ratio increases. 

Subsequently, the increase in fines generated together with the 

decrease in cobalt recovery and potentially reduction in fines 

generated due to the breakage of attrition media lead to the 

conclusion that the fines generated increase is attributed by the 

predominant liberation of graphite particles. This is further 

strengthened the argument when the decrease of LiCoO2 

recovery is followed by the decrease of copper and aluminium 

and copper recovery. This phenomenon is expected as the 

concentration of attrition media is decreased, it also decreases 

the chances of over crushing towards the aluminium and copper 

current collector. Moreover, it is noted that the decrease in 

aluminium recovery indicates that the LiCoO2 are being held 

together by the binder and attached to the aluminium current 

collector. This in turn, preventing scouring of the aluminium 

current collector. The same reason also applies for the decrease 

in copper recovery. Therefore, it is imperative to consider the 

balance of spent LIBs and the attrition media that can give 

optimum throughput. From Figure 5-11, despite the decrease 

in copper and aluminium contamination, the ηore decreases as 

the ratio of LIBs to the attrition media increased. This means 

that the decrease in LiCoO2 recovery is more severe than the 

benefit of decrease in aluminium and copper contamination. It 

is favourable that a higher ratio of LIBs to attrition media is 

desirable as it increases the throughput of the process. 

Therefore, the 20 wt% of LIBs to media ratio gives a balance 

between the LiCoO2 product grade and ηore of the process. 

The effect of scrubbing time was also investigated while holding 

the LIBs to silica sand ratio constant at 20 wt% and pulp density 
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of 60 wt%. Once the attrition scrubbing has commenced, the 

product was classified using a 38 µm sieve to produce LiCoO2 

concentrate. The power input to the system is directly related 

to the attrition time. In a real industrial situation, attrition 

scrubbers are connected in series to control the residence time. 

The results are shown in Figure 5-12. 

The control for zero attrition time has been done; following 

screening by using sieve of nominal aperture diameter of 38 

µm, it reveals that the fines produced is only 1.43 wt%. The 

zero-attrition time have low aluminium and copper recovery of 

0.93 wt% and 3.11 wt% respectively with low LiCoO2 recovery 

of 6.02 wt%. These recoveries then translate to ηore of 3.94%. 

From Figure 5-12, the increase in attrition time predictably 

increase the fines generated and overall recovery of LiCoO2 

particles. The increase in recovery of LiCoO2 combine with lower 

recovery rate of copper and aluminium over time most clearly 

provides the evidence that attrition scrubbing is able to 

selectively liberate and concentrate LiCoO2 particles. It is 

observed that the ηore increases as the attrition time increases. 

However, it is also observed that the slope of LiCoO2 change 

from positive to negative at attrition time of 10 min. The change 

in LiCoO2 grade curve indicates that the average grade of 

subsequent fine particles being produce contain lower LiCoO2 

concentration.  
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Figure 5-12 Trend in attrition product with varying attrition time 

As more fine particles are liberated from the copper and 

aluminium current collector, the attrition media have higher 

probability of abrading the surface of the current collectors. 

From Figure 5-12, there is a substantial increase in aluminium 

recovery after 10 min attrition. However, such substantial 

increase was not observed for the copper current collector 

which may be attributed by the inherently stronger physical 

properties that cause aluminium current collector to be more 

readily liberated than the copper current collector. When 

looking at the initial stage of attrition, it can be observed that 
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the fines generated increases significantly from 1.43 wt% at 0 

min attrition time to 10.57 wt% at 2.5 min attrition time. This 

indicates that the liberation of LiCoO2 happens almost 

instantaneously. From Figure 5-12, the recovery of LiCoO2 

below the size of 38 µm has an increase of 48.44 wt% from 

time 0 min to 2.5 min. The significant increase of LiCoO2 

recovery also followed by a significant recovery of aluminium 

and copper recovery below the size of 38 µm by 5.83 wt% and 

5.49 wt% respectively from 0 min to 2.5 min attrition time. 

5.4 Conclusion 

From the proof of concept with a 2.5 min attrition time, 70 wt% 

pulp density and 10 wt% of LIBs to silica sand shows that 

attrition scrubbing is a useful technique in selectively liberate 

and concentrate LiCoO2 particles. The liberation of LiCoO2 

particles also followed by the liberation of graphite particles. 

The elemental analysis suggest that the optimum cut point that 

correspond to the ηore,max is 212 µm with 70.2% and 77.0% for 

Co-Al and Co-Cu respectively. However, the morphological 

observation shows that the size fraction of 212 µm – 38 µm 

concentrates LiCoO2 particles that have not yet been well 

liberated and still held together by the binder. The size fraction 

of < 38 µm concentrates LiCoO2 particles that shows no PVDF 

lamination. However, the use of 38 µm cut point corresponds 

to lower ηore of 66.7 % and 74.0% for Co-Al and Co-Cu 

respectively. When further mechanical separation such as froth 

flotation is favoured, the use of 38 µm cut point may be 

beneficial as the graphite particles, which is hydrophobic, is the 

definite contamination from this liberation technique. Other 

contamination such as copper and aluminium are 

contamination the surface of the larger LiCoO2, silica sand and 

graphite particles. 
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The breakage kinetics of LiCoO2, copper, and aluminium has 

also been studied for two cut points of 2360 µm and 38 µm. 

The results show that the breakage rate follows the order of 

LiCoO2>Cu>Al for both cut points. Furthermore, when 

comparing the two cut points, LiCoO2 has substantially higher 

breakage kinetics than copper and aluminium towards the cut 

point 38 µm. This result indicates that the LiCoO2 delamination 

and disaggregation is faster than the breakage of the copper 

and aluminium foil. 

Parameters affecting attrition liberation have been carried out 

with the findings as follow: 

• An extended period of scrubbing only marginally 

increases the recovery of LiCoO2 particles. Despite the 

higher recover of LiCoO2, the ηore slowly decreases 

indicating that more copper and aluminium also 

recovered in the size region of < 38 µm. 

• Pulp density also plays a crucial role in the efficiency of 

LiCoO2 recovery. From the analysis, it reveals that a 

range between 60 wt% to 70 wt% is the optimum values. 

Beyond this range, poor attrition occurs and the recovery 

of LiCoO2 decreases together with its efficiency. 

• Additionally, the ratio between spent LIBs to the attrition 

media correlates with the recovery of LiCoO2 particles. 

Increasing the proportion of spent LIBs to attrition media 

results in a decrease in copper and aluminium 

contamination. The decrease in copper and aluminium 

contamination also followed by a decrease of LiCoO2 

recovery. The ratio of 20 wt% spent LIBs to media was 

found to be the most optimum value that maximises the 

throughput of attrition liberation as well as the separation 

efficiency. 
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6.1 Introduction 

In the previous chapter, attrition scrubbing allows the 

delamination and disaggregation of spent LIBs active materials. 

The well liberated active materials are concentrated in the size 

fraction of < 38 µm. Whereas, the size fraction of > 38 µm 

comprises of mainly silica sand and other components from 

spent LIBs (aluminium, copper, and polymer). This chapter 

aims at recovering copper and aluminium from the size fraction 

of > 38 µm and further concentration of LiCoO2 in the size 

fraction of < 38 µm. 

In the larger size fraction of > 38 µm, different surface 

properties exist particularly differences in conductivity. 

Components for instance copper and aluminium are more 

conductive compared to the polymeric materials as well as the 

silica sand attrition media. The use of electrostatic separator 

after shredding and size based separation to recover copper 

and aluminium has been shown by Silveira et al. (2017) to be 

a viable option. The LiCoO2 and graphite particles are recovered 

in the fine size fraction < 212 µm. However, the recovery rate 

of LiCoO2 and graphite was not discussed and is suspected to 

be low due to the sub optimum liberation (i.e LiCoO2 lamination 

in the larger size fraction). Hence, the use of electrostatic 

separator can be better applied in this case as the copper and 

aluminium are clean from the active materials after attrition. 

Chapter 6 Attrition Product Separation: A 

proof of concept 
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Also, for the well liberated LiCoO2 particles in the size range of 

< 38 µm, a difference in surface properties exists in the form 

of hydrophobicity. Graphite particles are hydrophobic, whereas 

the other components such as silica sand, LiCoO2, copper and 

aluminium are hydrophilic. Therefore, froth flotation could be 

used to float the graphite particles. 

6.2 Experimental details 

6.2.1 Electrostatic separation 

A roll-type electrostatic separator shown in Figure 6-1 (Carpco, 

HT (15,25,36)) was used to separate the attrition products > 

38 µm. The size of the static electrode is 71.5 cm X 12.5 cm X 

5 cm (length x width x height), ionization electrode is a 0.010 

mm wire of 10 cm in length, and roll radius of 12.7 cm. The 

electrostatic separator comprises of two main components 

which are the beam and static electrode. The ionizing electrode 

pinned nonconductive materials on to the roll and collected at 

the end of the roll by a static brush. For the particles that are 

heavier than the pinning force are collected as middlings. The 

static electrode attracts conductive materials while leaving the 

non-conductive to fall through the roll and collected. 

Considering the composition of the sample, both electrodes 

were used to separate the sample into three different fractions. 

Such that the polymeric separator and fine silica sand would be 

pinned on to the roll and collected on the left hand side 

receptacle, the voltage is adjusted so that the silica sand > 850 

µm would not be pinned as strongly as the polymeric separator 

and collected as middling, and the conductive materials are 

thrown into the right side receptacle. 
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Figure 6-1 Photograph of Carpco-HT (15,25,36). 

Silveira et al. (2017) demonstrated that the combination of 

size-based separation and electrostatic separations in electro-

dynamic mode allows the separation of milled LIBs components 

into four different product class of active materials powder, 

polymers, mixture (polymers and metal), and the metallic 

fractions. The feeder was maintained at a constant value of 30% 

of its maximum vibration. The best-operating conditions for the 

roll-type electrostatic separation are reported to be a rotation 

speed of 20 rpm, electrode voltage of 25 kV, electrode distance 

of 6 cm, ionisation and electrostatic angle of 25o and 75o 

respectively (Silveira et al., 2017). The reported parameters 

were initially used as a starting point and adjusted accordingly 

based on the visual inspection of the separated products.  
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6.2.2 Froth flotation 

 

Figure 6-2 Photograph of Denver D-12 self-aspirating flotation 

machine. 

Self-aspirating Denver D-12 flotation machine with 5L cell is 

used to carry out the flotation test (Figure 6-2). The sample 

used was produced by combining the attrition products in the 

size range of < 38 µm from different parameters.  

In the previously reported methodology, frother and collector 

are often used to float the graphite particles. The frother used 

was methyl-isobutyl-carbinol (MIBC). Whereas, the collector 

used can be either be n-dodecane or kerosene (Zhan et al., 

2018, Zhang et al., 2019). However, before froth flotation is 

used in the waste LIBs research, the separation of graphite 

from hydrophilic minerals can be done without collector (Lu and 

Forssberg, 2001). Thus, the aim of the flotation test is to show 

that collector-less flotation technique is a useful technique in 

separating graphite from other components.  

To carry out the flotation test, a relatively dilute pulp of < 1wt% 

(20 g of dry powder) is used in this flotation test. Prior adding 
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collector and frother, the pH is adjusted to 8. This is done to 

ensure suitable working condition for the MIBC frother that is 

between pH 8 to pH 10 (Cleanese, 2016). The required dosage 

of collector and frother is then added by using hypodermic 

syringe. The Denver-D12 machine used in this study is self-

aspirating by adjusting the ball valve as shown in Figure 6-2. 

The valve opening has been marked from 0% to 100% opening 

with 25% intervals. By controlling the valve that translates to 

the air flowrate, it can then be used to control the froth height. 

The 5 L flotation cell has been calibrated for froth height as 

shown in Figure 6-2. The froth height is defined as the distance 

between the lip to the live volume of the liquid while the 

impeller is rotating. In this study, the froth height used is 4 cm 

(adapted from Zhan et al. (2018)). The froth is collected by 

using a poly propylene scraper and only the very fine top layer 

of the froth is collected. The flotation is carried out for 5 min 

and the froth is collected every 30 seconds. 

Once the experiment has been carried out, the float and sink 

are dried in a box oven at constant temperature of 80oC. The 

products are dried until constant weight and elemental analysis 

and morphological analysis were carried out.  
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6.3 Results and discussion 

6.3.1 The separation of attrition coarse size fraction by 

using electrostatic separation 

 

Figure 6-3 Schematic diagram of Carpco-HT (15,25,36). 

The majority of the LiCoO2 particles are concentrated in the size 

fraction of less than 38 µm. The size fraction > 38 then 

concentrates the copper and aluminium current collectors. The > 

38 µm sample obtained then subject to the electrostatic 

separation to separate polymer, silica sand and the current 

collector. A roll-type electrostatic separator (Carpco, HT 

(15,25,36)) was used in this study. The schematic diagram of 

the Carpco-HT (15,25,36) is presented in Figure 6-3. 
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Table 6-1 Parameters set for the electrostatic separator 

Parameters (Silveira et 

al., 2017) 

Adjusted 

Value 

Roll Speed (RPM) 20 50 

Electrode Voltage (kV) 25 20 

d1-Ionization Electrode 

Distance (cm) 

6 5 

d2-Static Electrode 

Distance (cm) 

6 8 

Deflector I Angle (o) 0 50 

Deflector II Angle (o) N/A 35 

 

The optimum conditions reported by Silveira et al. (2017) were 

initially used and need to be adjusted for a workable parameter. 

The particles were flowing unevenly and arching between the 

electrodes towards copper and aluminium foils was observed. 

Moreover, that the silica sand with particle size of > 850 µm 

was strongly pinned onto the roll and can be found in the non-

conductor fraction. To overcome these issues, adjustment trial 

and error based on visual inspection was carried out to adjust 

the parameters and minimise these issues. The key parameters 

of the electrostatic separator are shown in Table 6-1. 

The deflector angle I and II were kept constant at 50o and 35o 

respectively. The roll speed was initially 20 rpm and adjusted 

to 50 rpm to make the particle flows evenly. After adjusting the 

roll speed, the arching from the ionization electrodes to the 

copper and aluminium foils are still observed, the electrode 

voltage is then reduced from 25kV to 20kV. The decrease in 

electrode voltage also causes the larger silica sand > 850 µm 

to be less strongly pinned on to the roll and less lifting action 

for the copper and aluminium foils. This then result in LIB 
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separator found as middling and copper and aluminium foils 

were observed to falls together with the silica sand. The 

ionization electrode is then moved closer to the roll from 6 cm 

to 5 cm and cause more separator pinned onto the roll. 

However, visual inspection reveals that the copper and 

aluminium foil is visually flowing together with the silica sand.  

The distance between the ionisation electrode and the feeder 

(θ1) was adjusted from 25o to 35o. This is done to extend the 

charging time for the particles to acquire charge. However, 

keeping the distance between the two electrodes constant 

seems to do not allow enough residence time for the copper 

and aluminium foils to undergoes charge reversal that is 

sufficient to lift the particles. The distance between the two 

electrodes was made narrower and adjusted from 50o to 40o 

(from θ2=75o to θ2=65o). After adjusting the ionizing and static 

electrode angle, the copper and aluminium is lifted and hitting 

the static electrode. Therefore, the static electrode (lifting 

electrode) is moved further from the roll to minimise the 

electrode getting hit by the copper and aluminium foils. 

In a one-pass electrostatic separation, only copper and 

aluminium foils are registered as a conductive fraction. 

However, it was observed that the middling fraction still 

contains a substantial amount of conducting materials and 

therefore the middling fraction was re-introduced into the 

feeder. The middling was re-introduced to the feeder five times. 

To assess the grade of the resulting separation, manual picking 

was carried out. The resulting separated products are shown in 

Figure 6-4. The conductive fractions obtained (Figure 6-4 C) 

were of 97.65 wt% metal, the impurities came from the short-

circuiting of the silica sand from the middling. The middling 

obtained (Figure 6-4 B) contain 99.01 wt% silica sand with 
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small impurities from the copper and aluminium current 

collector. The nonconductive (Figure 6-4 A) obtained contains 

95 v% (14.87 wt%) battery separator, with the main 

contamination from the fine (< 850 µm) silica sand. 

   

Figure 6-4 Photograph of the electrostatic separation products; A: 

non-conductor, B: middling, C: conductor. 

Sieving with nominal aperture diameter of 850 µm was carried 

out for non-conducting materials and the middling fraction. It 

was found that the attrition media that has undergone size 

reduction < 850 µm is registered as non-conductive and 

collected with the polymeric media on the left-hand side. The 

middling fraction recovers the attrition media > 850 µm. This 

indicates that the electrostatic separation also allows material 

being differentiated based on size. 

The results from this exploratory study suggest that the 

electrostatic separation is a useful technique in separating 

current collectors and polymeric material from the attrition 

media. Hence, the copper and aluminium can be further 

processes, while the attrition media can be re-used. 

Difference in conductivity also exists in the fine size region of 

< 38 µm. Where, graphite is conductive and LiCoO2 is not 

conductive. It is expected that the graphite would be thrown 

and collected as conductor, while the LiCoO2 and silica sand 

particles would be pinned and collected as non-conductor. From 

the trial, the use of electrostatic separator for the separation of 

fine fractions cause severe dusting. For this reason, the 

experiment was then terminated for safety reason. 

A B C 
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6.3.2 The separation of attrition product fine size 

fraction by using froth flotation 

The flotation test was carried out as a single stage. An impeller 

speed of 1500 rpm is used to recover almost all the graphite 

particles. For the proof of concept, 20.0 g of < 38 µm sample 

with the combination of 20 µl of n-dodecane as collector, 40 µl 

MIBC as frother, and pH of 8 (adjusted by using 2M NaOH) are 

used for the single stage flotation. The froth height is 

maintained at 4 cm by adjusting the aeration valve and 

periodically adding top-up water. The flotation is carried out for 

5 minutes and the froth is collected every 30 seconds by using 

a polypropylene scraper. The float and sink products then 

analysed for elemental content and the recovery is presented 

in Table 6-2. 

Table 6-2 The recovery rate from the single stage flotation with 

collector. 

Recovery Rate (wt%) 

Component Mass LiCoO2 Cu Al 

Float 41.4 29.3 39.0 31.5 

Sink 58.6 70.7 61.0 68.5 

 

From Table 6-2, it is shown that the LiCoO2 particles are 

predominantly found in the sink. The result indicates that froth 

flotation is a useful technique in recovering the graphite 

particles. Moreover, it is suspected that the entrainment in the 

float is caused by the short circuit of LiCoO2, Cu, and Al fine 

particles. 



Chapter 6 Attrition Product Separation: A proof of concept 
 

185 

 

  

Figure 6-5 Morphology analysis of first stage froth flotation float and 

sink with collector; A-Float and B-Sink. 

From Figure 6-5 B, the graphite particles are found to be 

minimum in the sink. Most of the graphite have been floated 

and concentrates in the float. However, the recovery of 

graphite as float also followed by the entrainment of fine LiCoO2 

particles (Figure 6-5 A). 

It has been known that graphite is naturally hydrophobic. 

Whereas, other components such as LiCoO2, silica sand, copper 

and aluminium are hydrophilic. It has been reported that the 

flotation of graphite from hydrophilic particles can be achieved 

by only using MIBC frother. Therefore, flotation test without 

collector with the same parameters was then carried out. In the 

case of flotation without collector, it was found that 100 µl of 

MIBC is needed to produce 4 cm of stable froth. The amount of 

MIBC needed in the flotation without collector is 2.5 times 

higher. This indicates that the presence of n-dodecane collector 

also contributes to the formation of froth. Moreover, the higher 

amount of MIBC collector may also results in higher water 

recovery in the froth during flotation and the entrainment of 

LiCoO2 particles in the froth is still expected.  

A B 
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Table 6-3 The recovery rate from the single stage flotation without 

collector. 

Recovery Rate (wt%) 

Component Mass LiCoO2 Cu Al 

Float 42.6 33.2 37.1 33.2 

Sink 57.4 66.8 62.9 66.8 

From Table 6-3, it can be understood that the LiCoO2 particles 

are predominantly found in the sink. Similarly, the froth 

flotation also entrains some of the copper and aluminium fine 

particles that are also collected as float. Morphology analysis 

then carried out to assess the graphite contamination in the 

sink. 

  

Figure 6-6 Morphology analysis of first stage froth flotation float and 

sink without collector; A-Float and B-Sink. 

From Figure 6-6, similar observation from the 1st stage flotation 

with collector, it can be seen that there is minimum to no 

graphite in the sink. Other than the LiCoO2 and graphite 

particles, the flotation with and without collector also 

concentrates PVDF binder in the float. However, flotation 

without collector entrains more LiCoO2 particles onto the float. 

A 3.9 wt% higher recovery rate of cobalt in the float was 

observed.  

The 2nd stage flotation is carried out with a lower impeller speed 

to re-float the float to recover more cobalt. The impeller speed 

was set to 1000 rpm. The rationale behind the lower impeller 

A B 
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speed is to float easily floatable materials. The flotation is 

carried out at pH 8 and froth height of 4 cm. It was found that 

an additional 80 µl MIBC is required to compensate the lower 

aeration rate (lower impeller speed). The results are presented 

in Table 6-4. 

Table 6-4 The recovery rate from the second stage flotation without 

collector. 

Recovery Rate (wt%) 

Component Mass LiCoO2 Cu Al 

Float 82.4 72.8 78.2 84.0 

Sink 17.6 27.2 21.8 16.0 

Despite the reduction in impeller speed, the results presented 

in Table 6-4 shows that the majority of the particles are 

collected as float. The increase in the float mass recovery also 

followed by the increase in cobalt recovery as float. This 

phenomenon indicates that there is minimum selectivity for 

cobalt being concentrated in the sink.  
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6.4 Conclusion 

The preliminary study presented in this chapter, electrostatic 

separator and froth flotation have been shown to be a useful 

technique in separating different components from the attrition 

products.  

The use of electrostatic separator is beneficial for the coarser 

size fraction with the main target of recovering copper and 

aluminium current collector. The use of electrostatic separation 

technique in recovering graphite particles in the fine size region 

is promising in concept. In practice, due to the dusting problem, 

this technique is not recommended for the separation of fine 

particles product. 

The use of froth flotation is more suitable to further process the 

attrition fine particles product. Initially, flotation test with n-

dodecane collector and MIBC frother was carried out. From the 

single stage flotation test, it was found that almost all of the 

graphite particles were collected as float followed by 

entrainment of LiCoO2 particles. Furthermore, the use of 

collector less flotation has also been shown to be able to take 

the advantage of the natural hydrophobicity of the graphite 

particles. However, from the single stage collector less flotation, 

more LiCoO2 particles are entrained as float and results in 3.9 

wt% higher cobalt recovery rate in the float. A second stage 

collector less flotation was then carried out to further 

concentrate the float from the first stage collector less flotation. 

The results from the second stage collector less flotation 

indicates minimum selectivity. The use of collector less flotation 

requires further attention and subject to the future works of 

this project. 
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7.1 Conclusion 

The objective of this research was to investigate the selective 

liberation occurrence in the comminution of spent LIBs and the 

way to improve it. The approach of this study involves the 

application of mineral processing techniques in selectively 

concentrating LiCoO2 particles. The following conclusion can be 

drawn from the investigation: 

7.1.1 Selective liberation in cutting mill 

• Characterisation of milled spent and new LIBs by using 

Fuerstenau recovery curve was carried out and found that 

the comminution of LIBs is of a selective phenomenon 

with optimum cut point of 850 µm. 

• The comparison between new and spent LIBs was made 

with a distinct difference observed for the selective 

liberation of copper towards cobalt and aluminium. Better 

separation efficiency of LiCoO2 particles is observed in the 

selective liberation of new LIBs. The better physical 

properties of current collectors and the adhesiveness of 

the binder in the new LIBs have made the finer size 

region to be less contaminated by the copper and 

aluminium. The stronger PVDF binder in new LIBs also 

helps in preventing the breakage of copper current 

collector. Whereas, the better mechanical properties of 

copper and aluminium in new LIBs helps prevent the 

breakage of current collectors that contaminates the fine 

size region (< 850 µm). 

Chapter 7 Conclusion and Future Work 
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• Morphology analysis reveals that the initially liberated 

LIBs particles can be characterized into four different 

types: 

o Category 1: Particles that have experience 

reduction in size and accompanied by partial 

detachment of its active materials such as particles 

in the range of > 2360 µm. 

o Category 2: Include the particles that have a 

reduction in size with active materials lamination, 

such as in the range of 2360 µm – 850 µm. (Only 

true for positive electrode) 

o Category 3: Active materials laminate that have 

been detached from its current collector and still 

held together by the binder. This type of particles 

comes as aggregated for the particle size of 850 µm 

– 38 µm. 

o Category 4: Active materials laminate that have 

been detached from current collector and 

accompanied with minimum aggregation for the 

particle size of < 38 µm. 

• During milling, two possible outcomes may arise. Either 

LiCoO2 particles are dislodged and released in the form of 

LiCoO2-PVDF aggregates that are concentrated in the size 

fraction of < 850 µm or size reduction occurs while 

maintaining its attachment to the current collector. 

However, the size of the LiCoO2-PVDF aggregates that 

are dislodged is still far from the actual size of LiCoO2 

particles as found in spent LIBs. Therefore, the optimum 

cut point proposed (850 µm) is much greater than the 

actual size of LiCoO2 particles found in spent LIBs (ca. 

1.50 µm – 7.80 µm (Pavoni et al., 2018)). 
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• In the size fraction of <850 µm, the recovery rate for 

spent LIBs is 43.7 wt% of LiCoO2 with a minimum 

recovery of aluminium and copper (8.8 wt% and 10.3 

wt%) from the feed. However, more than 50 wt% of 

LiCoO2 is found in the size region of >850 µm, and it 

contains a substantial amount of aluminium and copper 

(91.2 wt% and 89.7 wt%) from the feed and are not 

suitable to be treated with leaching. Thus, it is 

understood that the selective liberation by using only a 

cutting mill is sub-optimum. 

7.1.2 Selective liberation by using attrition scrubbing 

• Attrition scrubbing is then proposed as a second stage of 

liberation with low iron silica sand as the attrition media. 

The induced impact and shearing actions effectively 

liberates and concentrates LiCoO2 in the finer size region. 

• From the proof of concept, LiCoO2 particles that were 

initially laminating the aluminium current collector or 

found as aggregates following initial size reduction have 

been liberated and disaggregated and concentrated in the 

size fraction < 38 µm. 

• Two cut points of 2360 µm and 38 µm were selected. The 

cut points selected in order to study the different 

breakage rate for delamination (2360 µm) and 

disaggregation (38 µm) of LiCoO2 particles. The breakage 

kinetics of LiCoO2 particles for cut point 2360 µm is faster 

than that of cut point 38 µm. This indicates the 

delamination is faster than the disaggregation of LiCoO2 

particles. Moreover, the results show that the breakage 

rate follows the order of LiCoO2>Cu>Al for both cut points. 

This result indicates that the LiCoO2 delamination and 

disaggregation is faster than the breakage of the copper 
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and aluminium foil. This then results in 89.8 wt% LiCoO2 

recovery with minimum 9.0 wt% aluminium and 11.2 wt% 

copper recovery within 20 min attrition time. 

• Parameters affecting attrition liberation have been 

carried out with the findings as follow: 

o An extended period of scrubbing only marginally 

increases the recovery of LiCoO2 particles. Despite 

the higher recover of LiCoO2, the ηore slowly 

decreases indicating that more copper and 

aluminium also recovered in the size region of < 38 

µm. 

o Pulp density also plays a crucial role in the 

efficiency of LiCoO2 recovery. From the analysis, it 

reveals that a range between 60 wt% to 70 wt% is 

the optimum values. Beyond this range, poor 

attrition occurs and the recovery of LiCoO2 

decreases together with its efficiency. 

o Additionally, the ratio between spent LIBs to the 

attrition media correlates with the recovery of 

LiCoO2 particles. Increasing the proportion of spent 

LIBs to attrition media results in a decrease in 

copper and aluminium contamination. The 

decrease in copper and aluminium contamination 

also followed by a decrease of LiCoO2 recovery. The 

ratio of 20 wt% spent LIBs to media was found to 

be the optimum value that maximises the 

throughput of attrition liberation as well as the 

separation efficiency. 
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7.1.3 The application of electrostatic separator and froth 

flotation 

• The attrition product above 38 µm cut point can be 

separated by using electrostatic separation in 

electrodynamic mode. Three main products of conductors 

(copper and aluminium), middling (silica sand), and non-

conductor (separator and fine silica sand) can be 

obtained. This demonstrate that the copper and 

aluminium can potentially be recycled, and the attrition 

media can be re-used. 

• The attrition product below 38 µm cut point were subject 

to flotation test with n-dodecane collector and MIBC 

frother. Almost all the graphite particles were floated. 

However, the fine LiCoO2 particles were also substantially 

entrained. Moreover, the silica sand particles do not 

seems to get entrained. 

• The flotation test without using collector have also been 

carried out. Similar to the flotation with collector, almost 

all the graphite particles were floated with substantial 

entrainment of LiCoO2 particles and minimum 

entrainment from silica sand. 

• Considering the size of the size of LiCoO2 particles that 

are less than 10 µm, it may be beneficial to carryout 

leaching prior flotation. Hence, clean graphite can be 

obtained and potentially recycled.   
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7.2 Contribution to knowledge 

This thesis contributes to the knowledge in that: 

• A comprehensive literature survey of mechanical 

liberation and separation for LIBs recycling and how 

minerals processing technique have been extensively 

adapted to this field. 

• A further understanding towards the sub-optimum 

selective liberation of LiCoO2 particles in a cutting mill 

that results in different particle morphologies. 

• An insight into the difference in selective liberation 

performance for the milled new and spent LIBs has been 

given by plotting Fuerstenau recovery curve and ore 

separation degree curve. 

• Attrition scrubbing have been identified to be a suitable 

technique in selectively liberate LiCoO2 particles with 

minimum copper and aluminium breakage in the finer 

size region. The parameters affecting attrition scrubbing 

liberation were explored. 

• The proof of concept for the recovery of copper and 

aluminium for the size fraction > 38 µm and the recovery 

of graphite from the size fraction < 38 µm have been 

proposed.  
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7.3 Further work 

This section gives recommendation for future research in order 

to further advance the present research. 

7.3.1 Different battery types 

• The study only considers the prismatic battery. However, 

other batteries geometry such as cylindrical or coin may 

potentially result in different particle size distribution. 

One of the potential reasons being the different types of 

chassis where prismatic use polymer type while 

cylindrical and coin cells may use steel chassis that may 

impose different overall milling condition. 

• Other than different battery geometry, this research only 

dealt with LIB with PVDF binder that is hydrophobic. The 

use of hydrophilic SBR-CMC binder for the graphite active 

materials are gaining popularities that may render the 

graphite hydrophilic when it is not removed. Thus, the 

ability of attrition scrubbing to remove SBR-CMC coating 

on the graphite particles may be considered for future 

studies. 

7.3.2 Pilot scale trial 

• This research only demonstrates the selective liberation 

of LiCoO2 particles in a lab scale and have not yet been 

tested in a pilot scale. The scaling up of attrition 

scrubbing is important as the wall effect in lab scale is 

not the same as in the pilot scale. 

7.3.3 Electrolytes recovery 

• This research has not recovered the organic electrolytes 

such as ethylene carbonates, dimethyl carbonate, and 
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other electrolytes. Further works should include 

consideration to recover the evaporated electrolytes. 

• The LiPF6 salt that dissolve in the electrolytes may 

potentially cause harm in an industrial scale as there is 

the chance of HF formation. This research has been 

carried out in the safe temperature range to prevent such 

occurrence. However, it requires further attention to 

provide multiple layers of protections as to prevent the 

release of HF.  

7.3.4 Separation of LiCoO2 from SiO2 

• The separation of LiCoO2 from SiO2 have not been carried 

out in this project. One of the possible methods is by 

using sodium polytungstate (SPT) as the medium, with 

specific gravity of 2.8. This allow the SiO2 to float while 

the LiCoO2 to sink. 
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The following publications are attached in this appendix: 
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The certificate for the reference materials for ICP-MS of the 

following metals are attached in this appendix: 

• Aluminium 

• Cobalt 

• Copper 

The details can be found in the next page. 

  

Appendix II – Reference Materials 

Certificate 
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The supporting data for the representative samples produced 

and used are presented in this appendix. Two batches of 

sample splitting were carried out for the entire experiment 

reported in this thesis. 

Batch 1: 

• Sample No.1 to No.3 were used for characterisation of 

dry milled spent LIBs in Chapter 4. The sample is also 

used for attrition liberation proof of concept and breakage 

kinetics (0.0 min). 

• Sample No.4 to No.6 were used for attrition scrubbing 

liberation proof of concept and breakage kinetics (2.5 min) 

in Chapter 5. 

• Sample No.7 to No.9 were used for attrition scrubbing 

breakage kinetics (5.0 min) in Chapter 5. 

• Sample No.10 to No. 12 were used for attrition scrubbing 

breakage kinetics (10.0 min) in Chapter 5. 

• Sample No.13 to No.15 were used for attrition scrubbing 

breakage kinetics (20.0 min) in Chapter 5. 

The sample details for Batch 1 can be found in the next page 

and summarised in Table A.III-1. 

 

  

Appendix III – Spent LIBs Representative 

Samples  
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Batch 1 

The 1110.5 g dried spent LIBs sample was reduced into 16 

representative samples and presented in Table A.III-1. 

Table A.III-1 Representative samples produced and 

used in Chapter 4 and Chapter 5. 

No Representative 

Sample Mass (g) 

Ferromagnetic 

Screened (g) 

Clean Sample 

Mass (g) 

1 69.4 0.7 68.7 

2 70.9 1.0 69.9 

3 68.4 0.6 67.8 

4 67.1 0.4 66.7 

5 69.4 0.9 68.5 

6 69.0 0.8 68.2 

7 68.3 0.9 67.4 

8 66.1 0.3 65.8 

9 70.4 0.7 69.7 

10 66.3 0.8 65.5 

11 67.4 0.2 67.2 

12 68.3 0.6 67.7 

13 66.3 0.8 65.5 

14 65.7 0.6 65.1 

15 69.7 0.6 69.1 

16 67.8 0.6 67.2 

The sample total sample mass recovered from the splitting 

procedure is 1090.5 g. The sample splitting procedure results 

in 1.8 wt% mass loss. 
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Batch 2: 

• Sample No.1 to No.5 were used for representative sample 

assay in Chapter 5 (Table 5-5). 

• Sample No.10 to No.13 were used to study the 

parameters affecting attrition liberation for various pulp 

density in Chapter 5. 

o No.11 for 50 wt% 

o No.10 for 60 wt% 

o No.12 for 70 wt% 

o No.13 for 80 wt% 

• Sample No.10 and No.14 to No.16 were used to study the 

parameters affecting attrition liberation for various LIBs 

to attrition media ratio in Chapter 5. 

o No.14 for 10 wt% 

o No.10 for 20wt% 

o No.15 for 30wt% 

o No.16 for 40 wt% 

• Sample No.6 to No.10 were used to study the parameters 

affecting attrition liberation for attrition time in Chapter 

5. 

o No.6 for 0.0 min. 

o No.7 for 2.5 min. 

o No.8 for 5 min. 

o No.9 for 10 min. 

o No.10 for 20 min. 

The sample details for Batch 2 can be found in the next page 

and summarised in Table A.III-2. 
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Batch 2 

The 1510.0 g dried spent LIBs sample was reduced into 16 

representative samples and presented in Table A.III-2. 

Table A.III-2 Representative samples produced and 

used in Chapter 5. 

No Representative 

Sample Mass (g) 

Ferromagnetic 

Screened (g) 

Clean Sample 

Mass (g) 

1 103.1 0.6 102.5 

2 84.5 0.5 84.0 

3 93.6 0.8 92.8 

4 89.0 0.9 88.1 

5 98.7 1.1 97.6 

6 85.9 0.9 85.0 

7 101.6 0.7 100.9 

8 91.2 0.9 90.3 

9 98.5 0.7 97.8 

10 90.9 1.6 89.3 

11 90.1 1.4 88.7 

12 87.5 0.7 86.8 

13 88.0 0.7 87.3 

14 88.5 0.1 88.4 

15 92.4 0.9 91.5 

16 90.4 1.3 89.1 

The sample total sample mass recovered from the splitting 

procedure is 1473.9 g. The sample splitting procedure results 

in 2.4 wt% mass loss. 

The samples presented in Table A.III-2 were used in Chapter 5. 

Sample No. 1 to No. 5 were assessed for elemental content, 

while sample No. 6 to No. 16 were used for attrition with 

varying parameters. 


