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Abstract 
 

A fundamental understanding of the surface properties of minerals is crucial for identifying 

interfacial reactions and developing more efficient technologies for their recovery. This 

research investigates the impact of polyvinylidene fluoride (PVDF) and microwave 

treatment on the surface properties of graphite and its floatability from spent lithium-ion 

batteries (LIBs). The study systematically examines graphite's surface characteristics in the 

presence and absence of PVDF, as well as before and after microwave treatment, using a 

suite of advanced characterization techniques, including scanning electron microscopy 

(SEM), energy-dispersive X-ray spectroscopy (EDS), Raman spectroscopy, 

thermogravimetric analysis (TGA), X-ray diffraction (XRD), and surface roughness 

analysis. The wetting behavior of graphite was evaluated using sessile drop contact angle 

measurements, and surface energy components—polar and non-polar—were quantified 

using the Van Oss−Chaudhury−Good and Owens−Wendt−Rabel−Kaelble models. The 

study further explores the effects of PVDF and microwave treatment on the surface energy 

components, focusing on shifts in non-polar forces and polar interactions, including acid-

base electron donor and acceptor contributions. The findings reveal significant 

modifications in the surface properties and hydrophobic/hydrophilic character of graphite 

and black mass due to PVDF and microwave treatment, resulting in substantial changes in 

flotation behavior. Microwave treatment was found to enhance graphite’s surface 

characteristics and flotation efficiency. The insights derived from this study offer 

promising implications for optimizing graphite recovery from spent LIBs and developing 

advanced separation techniques through tailored surface property modifications.                    
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1 Chapter 1: Introduction 

1.1 Background and Motivation 

The demand for lithium-ion batteries is rapidly increasing due to their expanding use in 

electric vehicles and renewable energy storage. These batteries contain valuable materials, 

including graphite, making recycling graphite from end-of-life lithium-ion batteries an 

efficient way to meet raw material demands and reduce costs. Froth flotation has recently 

emerged as a promising method to separate graphite particles from spent lithium-ion 

batteries. This process faces significant challenges due to the strong adhesion of organic 

binders (PVDF), which alter the surface properties of battery materials and complicate their 

recovery. Therefore, the PVDF binder's role and microwave treatment's effect on the 

surface properties and flowability of graphite and black mass were investigated to improve 

flotation efficiency and contribute to sustainable resource recovery. 

1.2 Research Objectives 

This study aims to methodically examine how PVDF affects black mass and graphite's 

flotation behavior and surface chemistry, paying particular attention to essential elements, 

including wettability, surface energy, electrokinetic characteristics, and dispersion 

behavior. The study seeks to comprehend the interactions between PVDF binders and 

graphite particles using sophisticated characterization methods, including SEM, Raman 

spectroscopy, XRD, and surface charge analysis. The study also investigates the impact of 

microwave treatment as a surface modification method to improve the surface properties 

of graphite and alter polar/non-polar interactions at solid-liquid and solid-gas interfaces. 

To contribute to more sustainable resource recovery and waste management, the ultimate 
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objective is to create an optimal plan for improving graphite's flotation efficiency and 

recovery from used lithium-ion batteries. 

1.3 Thesis Outline 

This thesis is organized into five chapters. Chapter 1 provides the motivational background 

and research objectives of this work. Chapter 2 offers a comprehensive literature review, 

covering key topics including lithium-ion batteries, the global graphite demand, the 

properties of PVDF binder and the associated challenges, the flotation process and its 

applications in graphite recovery, and future perspectives. Chapter 3 describes the 

materials, experimental methods, and instruments used in this research. Chapter 4 provides 

the results and discussion, including data from wettability experiments, surface roughness 

measurements, SEM/ EDS, Raman, XRD, TGA, particle size analysis, surface energy 

analysis, and micro-flotation experiments. Finally, Chapter 5 concludes with a summary of 

the findings.  
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2 Chapter 2: Literature Review 

2.1 Introduction to graphite as a critical material 

 

Graphite has become an essential and critical material due to its high economic price and 

supply chain issues [1]. One of the key reasons for graphite’s critical status is the large 

amount of graphite required to produce fuel cells [2]. Additionally, graphite is used as an 

electrode in the electric arc furnace method for steelmaking [3]. Moreover, graphite is a 

crucial component for improving the properties of refractory materials by altering the 

physical, mechanical, and deformation properties [4]. Another critical use of graphite is as 

a lubricant additive due to its physical properties, as it can reduce friction and wear, thereby 

improving tribological performance [5]. Furthermore, graphite is widely used as an anode 

material in lithium-ion batteries. For instance, a lithium battery in an electric vehicle 

consists of around 75 to 115 kg of macrocrystalline graphite (greater than 75 micrometers) 

[6]. In addition, graphite demand is also increasing for applications in silicon, rotor blades, 

and graphene [7]. However, natural graphite sources are concentrated in specific countries. 

Consequently, many countries depend on these countries to import graphite, and 

geopolitical issues can sometimes limit or prevent graphite importation from those 

countries [8]. As a result, the demand for graphite continues to grow, making graphite 

recovery increasingly essential. The recovery of spent graphite and its further use offers 

several economic, health, and environmental advantages. Recovered graphite can be used 

in graphene production for additional applications and fuel cell manufacturing [9]. 

Furthermore, recovered graphite is also beneficial for wastewater treatment [10]. 
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2.2 Graphite properties, resources, and applications 

2.2.1 Graphite properties 

Graphite is formed by sp2-hybridized carbon atoms, where these carbon atoms are 

organized in a layered, hexagonal, honeycomb-like structure (Figure 2) [11]. Each carbon 

atom forms a bond with three neighboring carbon atoms through a sigma bond, and the 2pz 

orbitals overlap above and below the plane to create a pi bond throughout the layers. These 

individual layers are known as graphene layers [11]. Each carbon atom is linked to another 

carbon within these layers by covalent and partially metallic bonds. Moreover, these 

graphene layers are held together by weak van der Waals forces. Due to this weaker bond, 

graphene sheets can slide over each other, giving graphite its lubricating nature [11]. The 

distance between each graphene layer is 0.335 nm [11]. Furthermore, graphite is 

anisotropic, as anisotropy refers to a material with different electrical and thermal 

conductivity in different crystallographic directions [12]. Graphite is a good conductor of 

heat and electricity in the parallel direction to the graphene layers, but a poor conductor in 

the perpendicular direction to the layers. [12]. 

 

Figure 1. Structure of graphite [11] 
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Graphite is a good conductor of heat and electricity in the plane of its graphene layers due 

to the efficient transfer of thermal vibrations through sigma bonds between carbon atoms. 

In particular, it has very low thermal conductivity perpendicular to the graphene layers due 

to the weak van der Waals bonds holding the layers together [12]. Additionally, it is 

chemically unreactive due to the resonance stability of graphite’s sp2-hybridized carbon 

atoms and strong intralayer bonding. It remains stable at temperatures around 3600 °C 

without oxygen or oxidizing species [13]. Furthermore, the delocalization of electrons in 

the pi bonding allows the pi electrons to move freely within the plane of each graphene 

layer, making graphite a good conductor of electricity. However, between two layers, due 

to weak van der Waals forces and the absence of delocalized electron movement, graphite 

is a poor electric conductor in the perpendicular direction of the layer [11].  

2.2.2 Graphite resources 

There are two types of graphite present: natural graphite and synthetic graphite. Natural 

graphite is subdivided into flake graphite, vein or lump graphite, and amorphous graphite. 

Figure 2 shows different types of graphite. Natural graphite is generally more in demand 

than synthetic graphite due to its cost and time efficiency [13]. Vein graphite in Sri Lanka 

occurs in veins and fissures within ore rock. It has good oxidation resistance, thermal and 

electrical conductivity, lubricity, and approximately 90% purity [12, 13, 15]. Moreover, it 

is used in pencils and paints. However, the disadvantage is that there are only two vein 

graphite mines in Sri Lanka, which are costly [13, 16]. Meanwhile, China, Brazil, India, 

Canada, and Africa are the leading flake graphite producers. It contains 80- 95% carbon 

and is found as large crystals arranged in lamellar or scaly patterns [13, 14, 16]. It can be 
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used in lithium-ion batteries, and one of its advantages is that it is less expensive and has 

fewer impurities. However, the quality of this graphite is not consistent [16]. Amorphous 

graphite is prevalent in China, Korea, and Mexico [12, 16]. It contains less than 85% carbon 

[14]. This type of graphite is formed from anthracitic coal by the graphitization process 

[18]. The advantage is that it is less expensive, but the disadvantages include poor 

crystallinity and limited economic deposits [16]. China, India, Europe, and the USA are 

the leading producers of synthetic graphite [16]. Artificial graphite is prepared by heating 

unstructured carbon at 2300-3000 °C. This process converts the disordered layers into 

graphite [12, 17]. This graphite is used as an electrode in aluminum production, and like 

other graphite types, it can be used in pencils, lubricants, and paintings. However, it has 

the disadvantages of being energy-intensive and expensive [16]. The characteristics of 

different types of graphite are summarized in Table 1. 

 

Table 1. Characteristics of different types of graphite [13-16] 

Feature Vein 

graphite 

Flake graphite  Amorphous graphite Synthetic 

graphite 

Major 

producers 

Sri Lanka China, Brazil, India, 

Mozambique, 

Tanzania, 

Madagascar, Canada, 

Australia 

Turkey, Mexico, 

China,  

North Korea 

China, India, 

Europe, USA 

Crystallinity Crystalline Crystalline Micro- 

crystalline 

Less crystalline 

than natural 

graphite 

% Graphite 90- 99.9 75- 97 60- 90 99.95 

Applications Refractories, 

crucibles, 

molds, 

castings, 

Carbon 

brushes, 

Refractories, 

crucibles, molds, 

castings. LIBs, brake 

linings, flame 

retardants 

Steel   recarburiser, 

lubricants, 

pencils, Refractories, 

crucibles, castings 

Pencils, 

lubricants, paints 
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brake 

linings, 

batteries, 

lubricants 

Advantages Cheaper, 

high carbon 

content 

Cheaper, high purity  Cheaper High purity 

Disadvantage Rare (only 

two mines in 

Sri Lanka) 

and 

expensive 

Irregular quality Poor crystallinity, 

expensive 

Expensive, high-

energy 

consumption, 

not 

environmentally 

friendly 

 

 

 

Figure 2. Different types of graphite: (a) vein graphite [18], (b) flake graphite [20], (c) 

amorphous graphite [17], (d) synthetic graphite [19] 

2.2.3 Graphite applications 

Graphite has many applications in various fields. Each stage of graphite has different 

applications. Upstream graphite (extracted raw graphite) and midstream graphite (refined 

graphite) are used in the steel and foundry industries. Moreover, downstream graphite 
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(processed graphite) is used in energy storage batteries, nuclear energy, and aerospace [20]. 

Since graphite is a good conductor of heat, it is used in thermal management, such as in 

thermal interfacial materials (TIMs), which can conduct heat effectively [21]. In addition, 

graphite films mixed with other Al/Si alloys can be used in devices where heating and 

cooling are required [22]. Furthermore, nuclear graphite can be used in the nuclear industry 

as a moderator, reactor component, and reflector [23]. Graphite is also utilized in electric 

vehicles, where 10-50 kg of graphite is required [24]. Lastly, microcrystalline graphite, 

which is less than 75 micrometers, is used in crucibles and molds [6]. Figure 3 summarizes 

various applications of graphite in 2024. 

 
 

Figure 3. Applications of natural and synthetic graphite in 2024. Data acquired from  [25] 

 

2.2.4 Major graphite producers and importers worldwide 

Around 320 million tons of graphite have been identified globally to date [26]. Turkey has 

the highest amount of natural graphite reserves, with 90 million tons. Following Turkey, 

China has 73 million tons, and Brazil is in third place with 70 million tons of graphite [26]. 

In terms of production, in 2022, China was the leading graphite producer, accounting for 
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62% of global production, followed by Mozambique (12%), Madagascar (8%), Brazil 

(6%), and India (4%). In addition to exporting graphite, China also imports graphite to 

meet high demand. Furthermore, other significant exporters of graphite include Canada, 

Norway, Sweden, and Sri Lanka (mostly vein graphite). On the other hand, the major 

importers of graphite are the US, China, South Korea, Japan, and Germany [26]. Table 2 

presents graphite production from 2017 to 2022 in major producing countries, while Table 

3 compares graphite exports from different countries in 2019 and 2021. 

Table 2. Graphite production from 2017- 2022 in major graphite-producing countries [26] 

Countries Graphite Productions in Different Years (tons) Reserve  

(million 

tons) 
2017 2018 2019 2020 2021 2022 

Turkey 2,300 2,000 2,000 2,500 2,700 2,900 90 

China 625,000 693,000 700,000 762,000 820,000 850,000 73 

Brazil 90,000 95,000 96,000 63,600 82,000 87,000 70 

Madagascar 9,000 46,900 48,000 20,900 70,000 110,000 26 

Mozambique 300 104,000 107,000 28,000 72,000 170,000 25 

India 33,649 39,030 31,991 30,168 27,900 8,300 8 

 

Table 3. Graphite exports from different countries in 2019 and 2021(tons) [26] 

Countries Exports in 2019 Exports in 2021 

Turkey 1,606  2,538 

China 189,664  199,850 

Brazil 17,903  17,646 

Madagascar 53,958  91,092 

Mozambique 161,937  63,722 

India 321 721 
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2.2.5 U.S. graphite demand vs production  

The United States has no natural graphite mines but it produces synthetic graphite [15]. 

Both natural and synthetic graphite production have drawbacks. Natural graphite mine 

production is very time-consuming, taking approximately 5 to 10 years [8]. Moreover, 

graphite production involves several stages that can damage the environment. These stages 

contribute to carbon emissions, water contamination, and deforestation. On the other hand, 

synthetic graphite production requires graphitization, which emits carbon dioxide and 

incurs higher operational costs. In addition, domestic synthetic graphite producers face 

competition to maintain sustainability, product quality, and cost-effectiveness [8]. As a 

result, the U.S. must depend on other countries for graphite. However, this dependence can 

create problems such as vulnerabilities in the supply chain and geopolitical uncertainty, 

which can hinder the accessibility of graphite for essential purposes. To address this issue, 

the US can meet the demand for graphite by investing in graphite mine production and 

exploring research to purify graphite [8]. 

2.2.6 Lithium-ion batteries as a source of graphite 

LIBs are a source of graphite. Anode materials contribute 5–15% of the total cost of LIBs, 

with graphite being the primary choice due to its excellent cycling stability and high 

electrical conductivity [27]. Around 12- 21 wt% of graphite is present in LIBs [28]. As the 

usage of LIBs increases, the demand for graphite also increases. However, the spent 

graphite creates environmental risks, containing metal waste and toxic electrolytes. Thus, 

the efficient recovery of spent graphite is urgently needed for environmental protection and 

resource sustainability, offering a cost-effective and sustainable solution to meet the 

growing demand for graphite in various applications [29]. 
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2.2.7 Lithium-ion battery composition 

LIBs mainly consist of a cathode, an anode, a separator, and an electrolyte [30]. In these 

batteries, cathode materials are lithium metal oxides coated with aluminum foil. On the 

other hand, anode materials are coated with copper foil [31]. PVDF is a binder that binds 

active cathode and anode materials to their respective current collectors (Al, Cu). During 

charge/discharge cycles, a solid electrolyte interface (SEI) forms between the graphite and 

lithium [32]. Figure 4 shows the schematic representation of LIB composition. 

 

Figure 4. A schematic of lithium-ion battery composition [32] 

2.2.8 Graphite as an anode material 

LIBs are one of the essential sources of graphite. Graphite is the most used component in 

LIBs, serving as the dominant anode due to its several characteristics. Firstly, due to its 

covalent bonds, graphite’s layered structure can assist in lithium-ion intercalation during 

the charging and discharging process of the battery, which can contribute to a greater 

amount of energy storage and help increase the charging speed of the battery [33]. 

Secondly, graphite is an excellent electrical conductor, improving battery performance by 

transporting enough electrons [34]. Moreover, due to its hydrophobic nature, it does not 

interact with electrolytes. As a result, batteries can be used for extended periods. In 
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addition, graphite’s stable structure makes it eligible for enduring a lot of charge/discharge 

cycles without affecting battery life [32]. Furthermore, graphite has very affordable 

pricing, and its malleability facilitates fabrication. Graphite is non-toxic and more stable in 

terms of mechanical, thermal, and chemical strength [28, 29]. Recently, silicon and silicon-

carbon compounds have been explored as substitutes for graphite in LIB batteries, but they 

are costly despite offering more energy storage than graphite [6]. Lithium titanium oxide 

Li4Ti5O12(LTO) anode has also been introduced as an anode material in electric vehicles 

due to its stability and faster charging [35]. However, graphite is still the most used anode. 

2.3  Methods for recovering graphite from spent Li-ion batteries 

The cost of graphite from synthesis is too high, and it releases environmentally unfriendly 

gases into the environment [35, 36]. Therefore, the only alternative is to reuse the graphite 

from spent LIBs. However, reusing graphite from spent LIBs is challenging because of the 

degradation of the graphite crystalline structure and the presence of impurities like metal 

oxides, solid electrolyte interphases, binders, silica, and carbon black [38]. These 

impurities can reduce the quality of the produced LIBs by causing capacity fading, low 

output voltage, and low charge-discharge cycles. Hence, it is necessary to recycle the 

graphite extracted from spent LIBs. Currently, there are several recycling procedures for 

graphite from spent LIBs, including hydrometallurgy, a combination of hydrometallurgy 

and pyrometallurgy, flotation, and electrolysis [10]. Here, three primary recycling 

techniques, hydrometallurgy, pyrometallurgy, and flotation, have been discussed. 

2.3.1 Hydrometallurgical process 

The hydrometallurgy process involves the treatment of minerals or materials based on 

aqueous chemistry, where separation can be done by using acids, alkalis, and organic 
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solvents [36]. This process can be categorized as water leaching or acid leaching. To begin 

with, water leaching is considered environmentally friendly for recovering graphite from 

spent lithium-ion batteries. In this method, graphite is treated with water to remove 

impurities and break down the solid electrolyte interphase (SEI) layer. This process allows 

lithium to react with water, causing the SEI layer to detach from the graphite and allowing 

the transport of Li+ ions, which restores the electrochemical activity of the graphite [37]. 

Water leaching has limitations, as it cannot effectively remove certain water-insoluble 

lithium compounds like LiF and ROCO₂Li, and traces of residual lithium salts and iron 

ions often remain in the reclaimed graphite after treatment [39]. On the other hand, acid 

leaching involves treating the solution with HCl, H2SO4, and citric acid. HCl treatment 

achieves a 98% recovery rate. Nevertheless, it has a drawback: the equipment can be 

corroded by HCl [38]. Additionally, another acid-leaching process involves using a 

combination of H2SO4 and H2O2. This method effectively retains the crystallinity of the 

recovered graphite from spent LIBs. However, it is not environmentally friendly, as it 

produces wastewater and is corrosive, like HCl [10]. Citric acid leaching offers an 

environmentally friendly and effective method for recovering lithium from spent graphite 

anodes. It achieves a high lithium leaching rate of up to 97.58% under optimized 

conditions, while preserving the structure and electrochemical performance of the 

regenerated graphite. The regenerated anode material demonstrates a high discharge 

capacity and excellent cycling stability, with a Coulombic efficiency exceeding 99%, 

making it comparable to artificial graphite. This method not only facilitates resource 

recovery but also aligns with sustainable and low-toxicity recycling practices [40]. 

Although acid leaching effectively removes many impurities, the recovered graphite often 



14 

 

 

 

retains defects that impact its reuse, so it typically needs to be combined with additional 

treatment processes [10]. 

2.3.2 Pyrometallurgical process 

Pyrometallurgical recovery for graphite involves using high temperatures to remove 

impurities and repair structural defects in spent graphite. At 600 °C, binders and conductive 

agents are eliminated. Meanwhile, temperatures around 1500 °C enable the repair of lattice 

defects, and temperatures between 2600-3300 °C enhance the graphite's crystallinity by 

completing the lattice structure and removing metallic and oxide impurities [36]. However, 

while higher temperatures improve the quality of graphite, they also increase energy 

consumption and may cause the loss of valuable lithium, raising the overall cost of 

recycling [36]. 

2.3.3 Flotation as a significant method for graphite recovery 

Froth flotation is a widely used physicochemical separation technique commonly used in 

the mining industry to collect materials of higher quality and quantity. It uses differences 

in the wettability of mineral/particle surfaces to separate the hydrophobic part from the 

hydrophilic materials in a flotation cell (Figure 5). In this method, hydrophobic parts such 

as graphite adhere to bubbles and are transported to the froth layer by the froth. On the 

other hand, hydrophilic particles remain in the pulp at the bottom of the flotation cell and 

are discharged as tailings  [9, 22]. To optimize, several parameters are set up for the 

flotation test. For example, a high-speed rotary impeller assists aeration to produce froth in 

the cell. Additionally, caustic soda can be added to maintain a pH range of 7.7–8.5, 

facilitating graphite recovery [26]. Moreover, particle size plays a vital role in efficient 
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froth flotation. Though the ideal size may vary depending on the mineral, a good range is 

between 20 and 150 µm [42]. After the desired time intervals (e.g., 30-60 minutes), froths 

are collected and dried. The dry samples are then weighed, and further characterizations 

are done.  

 

 
 

Figure 5. Schematic diagram of a mechanical flotation cell [43] 

2.4 Negative impact of PVDF on flotation efficiency 

In the graphite recovery by the froth flotation process, a significant challenge is the 

presence of PVDF, which acts as a binder [31]. The role of PVDF is to bind the cathode 

and anode materials in the battery system with their respective current collectors, such as 

aluminum and copper. It is beneficial for its high mechanical strength and durability in 

battery charging and discharging processes. However, the highly hydrophobic nature that 

arises from the complex polymer structure of PVDF increases the hydrophobicity of both 

anode and cathode materials of LIBs. The presence of PVDF in LIB can also alter the 

surface energy properties of the graphite, metal oxides, and cathode materials, 
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consequently affecting the flotation efficiency. Hence, removing PVDF before froth 

flotation is crucial for successful graphite recovery [44].  

2.5 Removal of PVDF and graphite recovery 

Various techniques are used to treat PVDF before the flotation process. These include 

chemical treatments, such as Fenton-assisted flotation, physical/mechanical methods, 

including grinding, ball milling, and attrition-assisted flotation, and thermal treatments, 

including roasting and pyrolysis-assisted flotation. 

2.5.1 PVDF removal and graphite recovery by chemical-assisted flotation  

One of the common ways to decompose the PVDF layer attached to the electrode material's 

surface is through chemical assisted flotation or Fenton assisted flotation. Fenton reagents 

are potent oxidizing agents mainly used to degrade organic compounds [45]. Using the 

Fenton reagent increases the wettability differences between the anode and cathode active 

materials, increasing the flotation separation efficiency. Organic compounds such as PVDF 

are easily degradable [46]. The Fenton reagent comprises a mixture of H₂O₂ and iron salt 

(mostly FeSO₄). The chemical reaction between H₂O₂ and FeSO₄ produces highly reactive 

hydroxyl radicals [38, 39]: 

Fe²⁺ + H₂O₂ + H⁺ = Fe³⁺ + OH⁻ + OH·  (Eq. 2.1) 

This highly reactive and potent hydroxyl radical can break the C–F bond present in the 

PVDF structure and transform the polymer chain into small molecules. Several studies 

have used different H₂O₂/FeSO₄ and liquid-solid ratios to investigate PVDF removal. It has 

been shown that the PVDF was removed from the anode and cathode surface at the ideal 

Fenton reagent ratio. However, its drawback is that it produces Fe(OH)₃ precipitates, which 
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can coat the anode and cathode materials. This reduces the wettability differences between 

anode and cathode materials, affecting flotation efficiency. Adding HCl can remove 

Fe(OH)₃ from the surface to counter this. But, H⁺ can damage the anode and cathode 

surfaces [47]. Thus, further modification is needed to solve this problem. 

Different reagents are used to accelerate graphite recovery from gangue materials based on 

the physical and chemical behavior of the materials on the surface. These reagents have an 

impact on bubble size and fine bubble formation as well as wettability. The primary 

reagents are frothers, collectors, regulators, depressants, and Fenton reagents. 

Firstly, frothers are reagents that create a dispersion of bubbles in the pulp, increase 

flotation kinetics, and stabilize the bubble formation to create a stabilized froth. They also 

prevent the entrainment of unwanted materials into the froth. However, frothers' high or 

low addition can negatively affect the bubble size and froth formation. Generally, frothers 

have two parts: hydrophilic and hydrophobic [48]. In the case of graphite recovery, graphite 

is considered hydrophobic, and metal oxides are hydrophilic. Frothers adsorb at the gas-

liquid interface, where the hydrophobic part is in the gaseous direction, and the hydrophilic 

part is directed toward the liquid part. Hydrophilic parts form hydrogen bonds, while 

hydrophobic parts tend to repel water. These phenomena decrease the surface tension of 

water and assist in making the foam form more stable. Moreover, several types of frothers 

have been used to investigate which is better for better recovery or grades. These frothers 

include pine oil, methyl isobutyl carbinol (MIBC), isooctanol, and tri(propylene glycol) 

butyl ether [33, 34, 35]. Secondly, collectors are essential reagents in flotation experiments 

because they increase the hydrophobicity of the minerals that must be floated, separated, 

and accumulated at the solid-liquid surface. They can accelerate the affinity between 
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bubbles and mineral particles and make the minerals repel water. Some collectors are 

kerosene, diesel, xanthates, and amines [33, 34, 35]. Standard regulators include inhibitors 

or depressants, activating reagents, and pH regulators. Depressants contribute by reducing 

the hydrophobicity of the gangue materials, either by coating them or aggregating those 

materials. Activators are the reagents that modify the surface so desired materials can react 

with the collectors. pH regulators are used to maintain a favorable flotation environment. 

Lime, sodium sulfate, sulfuric acid, etc., act as pH regulators [33, 34, 35]. Figure 6 shows 

the chemical technique for PVDF removal. 

 

Figure 6. Chemical technique for PVDF removal [49] 

Table 4 presents various observations from previously conducted Fenton-assisted 

flotation experiments. 

 

Table 4. Different flotation experiments using Fenton reagent 

Fenton-

assisted 

flotation 

Descriptions Observations References 

1. FeSO4 (0.1 mol/L), H2O2 

(0.1 mol/L), pulp density 40 

g/L, impeller speed 1800 rpm, 

pH 9, aeration 0.8 L/ min. 

Most PVDF can be removed at the 

Fe2+/H2O2 ratio of 1:120 and the 

liquid-solid ratio of 75:1. 

[49] 

2. Fenton pretreated (0.5 mol/L) 

flotation. 

Graphite recovery 33-65%, cathode 

recovery 48-82%. 

[50] 
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3. Sample 2g, impeller speed 1700 

rpm, pH adjusted by H2SO4 and 

NaOH, Ethyl xanthate (EX) as 

collector, terpene oil as 

frothers. 

The flotation separation of minerals 

is accelerated using the Fenton 

reagent.  

[51] 

4. FeSO4 (0.1 mol/L), H2O2 

(0.8 mol/L), H2O2: Fe2 + is 

120:1 pulp density 40 g/L, 

impeller speed 1960 rpm, 

300 g/t kerosene as 

collector,150 g/t 2-Octanol as 

frother. The roasting process 

was also used. 

The concentration purity is 60% 

because of Fe(OH)3 formation. 

After HCl use, the concentrate 

purity is 75%. 

[47] 

5. Fenton reagent, pH 9, sample 

taken 0.6 g, pine oil 102 ppm as 

frother. 

Fenton-like reagents make 

chalcopyrite more hydrophilic but 

cannot affect molybdenite’s 

hydrophobicity.  

[52] 

 

2.5.2 PVDF removal by physical treatment 

2.5.2.1 Ball-milling 

The ball-milling process is a physical treatment for decomposing PVDF and increasing 

flotation efficiency. In the ball-milling process, there is a rotating cylindrical vessel where 

the desired materials are placed along with a grinding media, such as balls. When the ship 

starts to rotate, the ball media impact the materials, and shear force is applied to the graphite 

and cathode surfaces [53]. As a result of this force, the graphite particles break into new 

flaky structures, exposing a large amount of hydrophobic surface area. This force also 

contributes to removing the PVDF binder layer from the cathode materials, helping the 

cathode maintain its hydrophilic nature. However, due to the vertical rolling pressure in the 

ball-milling area, very few cathode materials adhere to graphite, attach to bubbles, and rise 

to the froth layer, leaving approximately 95% of the cathode materials as tailings. With 

increasing ball-milling time, some graphite adsorb cathode materials and form 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/frothers
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agglomerates, increasing hydrophilicity. Consequently, some graphite particles cannot 

float. Nonetheless, these agglomerates also prevent cathode material from floating to the 

froth layers. Overall, flotation becomes more efficient [54].  Additionally, another study 

has shown that grinding can form Li+ ions, which react with the C-F bonds of PVDF to 

form LiF, destroying 25% of the PVDF. This reaction increases the wettability differences 

between the cathode and graphite and eventually increases the floating efficiency [55]. 

Figure 7 shows the schematic illustration of the ball-milling process. 

 

Figure 7. Ball-milling process for PVDF removal [54] 

2.5.2.2 Cryogenic ball-milling 

Liu et al. studied another physical method of low-temperature grinding/cryogenic ball 

milling-assisted flotation. PVDF’s glassy state temperature is around -40 °C, observed 

during the cryo-milling process [56]. The PVDF binder peels off at low temperatures, the 

graphite layer becomes flaky, and the cathode materials expose their original hydrophilic 

surface properties. These surface properties were characterized by SEM and X-ray 

Photoelectron Spectroscopy (XPS) analysis. The contact angle of the anode and cathode 
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materials at different cryo-milling times was also studied. The contact angle measurement 

shows that the contact angle of cathode and anode materials decreases and increases, 

respectively, with time; eventually, the hydrophilicity and hydrophobicity of cathode and 

anode materials improve. As a result, flotation efficiency also increases [56]. However, 

this process also has some drawbacks: it requires high energy consumption (around 30-

70%). Secondly, the high-purity cathode recovery is a complex process because not all 

PVDF can be removed after cryogenic milling. Thirdly, this process may damage the 

cathode and anode surfaces, which affects battery performance [57]. Figure 8 shows the 

schematic illustration of the cryogenic ball-milling process. Table 5 presents various 

observations from previously conducted ball-milling and cryogenic ball-milling 

experiments. 

 

Figure 8. Cryo-milling process for PVDF removal [56] 
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Table 5. Different experiments using ball-milling and cryogenic ball-milling. 

  Descriptions Observations References 

Ball-

milling 

1. A 5 mm spherical zirconia abrasive 

was used at different grinding times, 

ball milling speed of 500 rpm, 

impeller speeds, and aeration 

volumes. Pyrolysis was also used.  

The recovery of 

anode and cathode 

materials is higher at 

high impeller speed 

and high aeration. 

[58] 

2. 5×30-cm anode and cathodes, 1.5 

cm balls, ball milling speed 40 rpm, 

pulp density 40g/L, impeller speed 

2000 rpm, aeration 100 mL/min; 

200 g/t MIBC frother and 200 g/t n-

dodecane collector. 

Moderate ball-

milling can 

decompose 25% 

PVDF, with a 

cathode purity rate of 

around 94.38%. 

[55] 

3. Steel mill’s dimension 

140 mm × 160 mm. 3.75 kg weight 

ball, ball-milling speed 310 rpm. For 

flotation, a 2 g graphite sample, 30 

ml of deionized water, and an 

impeller speed of 1920 rpm. 

Kerosene is used.  

 

Rough surface area 

after ball-milling can 

enhance the flotation 

efficiency in the 

presence of kerosene. 

[59] 

4. XMQ-67Φ240×90and XMQ-

67Φ150×50 conical ball mills were 

used—impeller speed of 1400 rpm, 

time 5 min. Kerosene is a collector, 

and terpene oil is a frother. 

The graphite 

recovery of the final 

concentrate is 

91.14%. 

[60] 

5.  A steel ball mill, XMQ 240 × 90, 

was used. The floating parameters 

are sodium silicate, kerosene as a 

collector, and MIBC as a frother.  

High-grade graphite 

concentrate achieved. 

[61] 

Cryo-

milling  

1. 26 mm ball, Ball mass to sample 

mass ratio 10.5:1, pulp density 

60g/L, impeller speed 1600 rpm, 

aeration 0.7 L/min; 180 g/t MIBC 

frother and 250 g/t n-dodecane 

collector 

Optimal time of 

9 min of cryogenic 

grinding, purity of 

cathode is 91.75%, 

and cathode recovery 

is 89.83%.  

[56] 

2.   Cryo-milling time 15 s and 30 s. Brittle transition 

enhances the 

separation of the 

binder. 

[62] 
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2.5.3 PVDF removal by thermal treatment 

2.5.3.1 Roasting 

Roasting is one of the thermal treatments for decomposing PVDF and promoting flotation 

efficiency. In this process, the cathode and anode materials are heated at elevated 

temperatures in the oven or muffle furnace. Studies have shown that at an optimum roasting 

temperature of around 500 °C, the PVDF can be removed effectively from the cathode and 

anode surfaces, and the graphite surface layer remains unaffected [63]. Furthermore, 

contact angle measurement after roasting shows that the wettability difference increases 

after optimal roasting, resulting in higher flotation separation [64]. However, roasting also 

has some disadvantages. The binder will not be removed completely if the temperature is 

lower than the optimum temperature. Additionally, higher temperatures can create 

problems by damaging the surface layers of the cathode and anode [65]. In addition, during 

the roasting process, carbon emissions can occur, leading to adverse environmental impacts 

[66]. 

2.5.3.2 Pyrolysis 

Pyrolysis is a thermal process for decomposing the PVDF binder, but it occurs in an inert 

atmosphere. This process converts PVDF to solid, liquid, and gaseous substances. Several 

studies investigated the efficiency of pyrolysis-assisted flotation at different temperatures. 

One study shows that after pyrolysis, PVDF decomposes at a temperature of 550 °C. The 

wettability differences improve at this temperature, so the recovery from flotation also 

increases [67]. Moreover, temperature, heating rate, and pyrolysis time can affect flotation 

efficiency. If the temperature is too low, PVDF cannot be adequately removed. 

Furthermore, at higher temperatures in the pyrolysis media, pyrolytic carbon accumulates 
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on cathode and anode surfaces, resulting in a hydrophobic increase in anode and cathode 

materials, which damages the surface layer properties. Again, if the sample is kept at the 

pyrolysis temperature for a short time and the heating rate is faster, the PVDF binder cannot 

decompose completely. Conversely, suppose the sample is exposed to pyrolysis 

temperature for a long time with a slow heating rate. In that case, there will be an 

agglomeration of pyrolytic carbon on the electrode surface [65]. Another study shows 

pyrolysis treatment followed by ultrasound treatment (Figure 9). This work adjusted the 

pyrolysis temperature to 300-550 °C [68]. After being heated for 30 minutes, the samples 

were cooled down in a nitrogen environment.  After pyrolysis, the binder is fully removed, 

but there are some pyrolysis residues, mainly benzene and ester electrolyte, left, which 

affect the flotation efficiency, as some cathode materials also float with graphite. 

Therefore, after pyrolysis, cleaning the anode and cathode with ultrasound helps maintain 

the hydrophilicity and hydrophobicity of the cathode and anode material. The result 

showed that the organic binder could fully decompose at 500 °C, and cathode purity is 

93.89% after pyrolysis-assisted flotation and 96.88% after pyrolysis, followed by 

ultrasound-assisted flotation [68].  

 

Figure 9. Pyrolysis followed by ultrasound-assisted flotation [68] 
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So, every method of PVDF removal has advantages and disadvantages. Both chemical and 

ball milling methods are complex methods that can remove the PVDF completely, but they 

produce wastewater and result in lower flotation efficiency. Similarly, pyrolysis and 

roasting can remove the PVDF layer, however, in the pyrolysis process, toxic HF gas 

forms, which can adversely affect the environment. Pyrolysis also needs an inert 

atmosphere, which can damage the surface layers, and requires expensive fixes [69]. For 

these reasons, further studies need to be done to develop environment-friendly and 

economic PVDF removal methods to achieve a higher rate of flotation separation [65]. 

Table 6 presents various observations from previously conducted roasting and pyrolysis 

experiments. 

Table 6. Different experiments using roasting and pyrolysis. 

Method  Descriptions Observations References 

Roasting 1. Roasting temperature 25-900 OC, 

airflow 100 ml/min, the heating 

rate was 15 °C/min, pulp density 

40 g/L, impeller speed 1800 rpm, 

pH 9, aeration 0.8 L/ min. 

Roasting at 450 °C for 

15 minutes is the most 

efficient way to remove 

PVDF without damaging 

the graphite surface. 

[64] 

2. Roasting temperature 30-1000 °C, 

airflow 50 ml/min, heating rate 

was 10 °C/min, 

Roasting at 550 °C for two 

hours is the most efficient 

way to remove PVDF 

without damaging the 

graphite surface.  

[70] 

3. Roasting temperature 600 °C, 

pulp density 80 g/L, impeller 

speed 2000 rpm, aeration 2.5 L/ 

min, n-Dodecane collector 300 

g/t, 2-Octanol frothers 150 g/t. 

Roasting at 600 °C for one 

hour is the most efficient 

way to remove PVDF 

without damaging the 

graphite surface. Graphite 

recovery by froth flotation 

was 55.4%. 

[71] 

Pyrolysis 1. N2 velocity in the furnace is 

200 ml/min. The pyrolysis 

temperature increases from 20 ° to 

optimum pyrolysis 

temperature 550 °C. the 

[72] 
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the set temperature, with a heating 

rate of 10 °C/min. Pulp density 

0.04 kg/L, impeller speed 

1800 rpm, ventilation volume 

2.0 L/min. 0.3 kg/t of n-dodecane 

collector while MIBC frothers 

0.15 kg/t.  

cathode purity 94.72%. 

Recovery  83.75%. 

2. N2 velocity 20 ml/min, the 

pyrolysis temperature is 20 °C to 

70 °C, and the heating rate is 

10 °C/min. Pulp density 

0.04 kg/L, impeller speed 

1800 rpm, ventilation volume 

2.0 L/min. 0.3 kg/t of n-Dodecane 

collector while MIBC frothers 

0.15 kg/t. 

The optimum temperature 

was 550 °C, the heating 

rate was 10 °C/min, and the 

pyrolysis time was 15 min. 

After two rounds of 

flotation, the cathode 

recovery was 98.0%. 

[67] 

3. N2 velocity in the furnace is 

200 ml/min. The pyrolysis 

temperature increases from 30 °C 

to the setting temperature, with a 

heating rate of 10 °C/min. After 

that, the pulp was treated at an 

isothermal temperature for 15 

min. pulp density 0.04 kg/L, 

impeller speed 1800 rpm, 

ventilation volume 2.0 L/min. 

0.3 kg/t of n-Dodecane collector 

while MIBC frothers 0.15 kg/t. 

After pyrolysis, the 

maximum separation 

efficiency of cathode and 

anode materials is 98.23% 

and 98.89%. The optimum 

temperature for an organic 

binder is 500 °C, and the 

optimum temperature for 

better flotation efficiency is 

550 °C. 

[73] 

4.  The heating process was 

conducted under an 

N2 atmosphere, heating 

rate10 °C/min, temperature range 

30 °C–700 °C. 5 mm spherical 

zirconia abrasive used at a 

grinding time 0,1,2,3,4 minutes, 

ball milling speed 500 rpm, 

impeller speed 1500, 1800, 2100, 

2400, 2700 rpm, aeration volume 

60, 100, 140, 180, 220 L/h. In 

addition to pyrolysis, ball-milling 

was also performed. 

Pyrolysis treatment can 

remove the adhesive layer 

and break down the 

aggregated materials.  

[58] 
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2.6 Surface modification techniques  

Several surface modification techniques, such as microwave, UV, and plasma treatment, 

can be used to alter the physical, chemical, or morphological properties of materials, 

affecting the surface properties in various ways. These properties include surface energy 

and electrokinetic properties, which will be discussed in subsequent sections. 

2.6.1 Surface energy properties  

Flotation depends on the hydrophobicity and hydrophilicity characteristics of the minerals 

[74]. Surface energy is a property that determines the wettability of mineral surfaces and 

reflects the forces governing interactions at those surfaces, and it represents the excess 

energy at the surface of a material, resulting from fewer atomic or molecular bonds 

compared to the bulk [74]. Generally, two factors, namely dispersion and polar 

interactions, are used to calculate surface energy. Dispersion occurs due to the van der 

Waals interactions within electronic dipoles and induced dipoles between two adjacent 

molecules or atoms. Moreover, polar interactions can be defined as Lewis’s acid-based 

reactions. Additionally, polar interactions can be classified as electron donor/acceptor 

reactions. Surface energy refers to the excess energy on the surface of a material, which 

requires that material to make a new surface by attaching a new layer of atoms or molecules 

until it reaches a minimal energy surface [75]. Surface energy arises due to the uneven 

forces acting on the atoms or molecules present on the surface of a material compared to 

the atoms or molecules in bulk, where they experience symmetrical forces. Therefore, if a 

surface or interface has higher energy, it will try to decrease that energy by creating more 

surface layers around the old surface by physical or chemical interactions with similar or 

foreign molecules. This property controls the wetting behavior or hydrophilicity and 
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hydrophobicity of materials. The interactions between the surface and the foreign 

molecules can be classified into dispersion and polar forces [68, 69]. The dispersion forces 

between two molecules arise from electron-donating and accepting interactions. Therefore, 

tuning the surface energy property can be an efficient strategy to separate materials using 

froth flotation. In the froth flotation technique, materials with different wetting behavior 

can be separated into the float fraction and sink fraction using air bubbles (Figure 10). In 

the typical froth flotation process, several reagents such as collectors, depressants, pH 

regulators, and frothers are used to enhance the separation efficiency of the process [75]. 

The presence of PVDF on the graphite surface can alter the surface energy. Consequently, 

it affects the flotation efficiency. Moreover, altering the surface energy properties of the 

graphite surface can also be obtained by adding collectors such as kerosene, which 

decreases the surface energy of graphite particles. This leads to stronger interaction 

between the bubbles and kerosene-treated graphite particles, thereby facilitating improved 

separation through froth flotation. 

 

Figure 10. Schematic of the interactions among air bubbles, materials to be separated, 

gangue minerals, and chemical reagents [75] 
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2.6.2 Electrical double layer and zeta potential 

The electric double layer (EDL) forms when an electrode is immersed in an aqueous 

electrolyte solution [76]. If the electrode surface carries a positive charge, an adsorption 

layer of water molecules forms on it. The plane containing these water molecules is known 

as the Inner Helmholtz Plane (IHP). Next, negatively charged hydrated ions, opposite in 

charge to the electrode surface, form a tightly bound layer adjacent to the water molecule 

layer. The plane that contains these ions is called the Outer Helmholtz Plane (OHP). 

Together, the IHP and OHP constitute the Stern layer [76]. 

Beyond the Stern layer, a more loosely bound layer of hydrated ions forms, which is less 

influenced by the electrode’s electric field and cannot align consistently. This region is 

referred to as the diffuse layer. The Stern layer and diffuse layer together make up the EDL 

[76]. The boundary between these layers is known as the slip plane, and the electric 

potential at this point is called the zeta potential. 

The zeta potential plays a crucial role in the froth flotation technique, as it directly affects 

the separation efficiency of various minerals [77]. In froth flotation, when a solid is 

immersed in an aqueous solution, electrical inhomogeneity arises at the solid-liquid 

interface, resulting in the formation of a Stern layer and a diffuse layer together forming 

the EDL on the solid surface. The EDL facilitates the development of zeta potential at the 

slip plane. 

Thus, understanding the EDL and zeta potential is essential in froth flotation, which 

involves solid particles dispersed in a liquid medium, along with chemical reagents (e.g., 

collectors, frothers, pH regulators) and air bubbles. Several studies have explored the 

effects of these chemical reagents on the zeta potential of both air bubbles and solid 
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particles used in flotation [72,73,74]. Moreover, the value of zeta potential indicates the 

stability of the dispersion system. If the absolute value of zeta potential is higher, the 

particles repel each other, resulting in a stable dispersion of particles, and vice versa [77]. 

The adsorption of hydrophobic materials (e.g., collectors like kerosene, diesel, etc.) on the 

surface of the solid particles can increase the absolute value of the zeta potential, which, in 

turn, increases the separation efficiency in the froth flotation process. For instance, Pan et 

al. [79] demonstrated that the addition of an auxiliary collector, 1-dodecanethiol (NDM), 

increases the absolute value of zeta potential of the fine molybdenite particles more than 

that of the pure molybdenite particles (Figure 11). Separation efficiency also increases 

compared to the blank molybdenite particles in the presence of kerosene as a collector. 

Additionally, this study also shows the effect of pH on the value of zeta potential, which is 

illustrated in Figure 11. 

 

Figure 11. (a) Zeta potential of molybdenite particles with or without NDM as a function 

of pH, and (b) contact angles of molybdenite pretreated with different collectors [79] 

The increasing hydrophobicity of molybdenite can also be observed in Figure 11 (b). It 

also demonstrates that the hydrophobicity of molybdenite increases after adding kerosene 
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and is more significant after the adsorption of NDM on the surface of molybdenite. These 

results underscore the effects of zeta potential on the addition of collectors and chemical 

reagents in the froth flotation techniques.  

2.6.3 Plasma treatment 

Plasma is often called the fourth state of matter, defined as the gaseous mixture of atoms, 

molecules, ions, free radicals, and electrons [80]. This technique can modify the surface of 

textiles, leathers, starch, carbon materials, polymers, and wastewater pollutants [79, 80, 

81]. The mechanism involved in this technique to modify the surface is the physical and 

chemical interactions between plasma species and the surface of the material. Plasma 

treatment can add hydrophobic C-H groups on the graphite structure and remove binders 

like PVDF and styrene butadiene rubber [83]. Consequently, this also increases the 

hydrophobic surfaces of the graphite, resulting in an increase in separation efficiency in 

flotation [81, 82, 83].  

 

Figure 12. Contact angle plots of electrode materials (a) without plasma treatment;  (b) 

with plasma treatment, and flotation recoveries of electrode materials (c) without plasma 

treatment; (d) with plasma treatment  [80] 
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Therefore, this technique can be utilized to modify the surface hydrophobicity of graphite, 

which may increase the froth flotation separation efficiency. Ren et al. [80] demonstrated 

that after plasma treatment, the anode and cathode materials obtained from spent lithium-

ion batteries showed a higher contact angle difference than that observed in the sample 

without plasma treatment. In Figure 12(a, b), the contact angle difference between anode 

and cathode active materials increases from 25 ° to 51 °, which, in turn, increases the 

separation efficiency, as shown in Figure 12(c, d) in froth flotation after plasma treatment.  

Tong et al. [86] discussed the mechanism of binder removal from electrode active materials 

and its effect on the flotation separation efficiency. Specifically, the reaction and its product 

in plasma are discussed below. 

O₂ + e⁻           →   2O* + e⁻                     (Eq. 2.2) 

O* + O₂         →   O₃                                (Eq. 2.3) 

2OH*             →   H₂O₂                           (Eq. 2.4) 

H₂O₂              →   H⁺ + HO₂⁻                   (Eq. 2.5) 

O₃ + HO₂⁻      →   O₂⁻ + OH* + O₂          (Eq. 2.6) 

These oxidative radicals degrade binders like PVDF, SBR, and carboxymethyl cellulose, 

which increases the contact angle difference between the anode and cathode active 

materials. As a result, the flotation separation efficiency increases. The degradation of 

binders can be accomplished by two pathways: one is through highly oxidative radicals, 

and the other is through electrons. The degradation of anode and cathode binders by low-

temperature plasma occurs via high-energy electrons in the electric field, which 

disassemble their macromolecular chains into small molecule monomers and other 

compounds. Additionally, the high-energy electrons interact with the oxygen to produce 
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strong oxidizing active substances (OH, •O, O3, etc.) to further oxidize and degrade these 

substances [86].  

2.6.4 Ultrasound treatment 

Recently, ultrasound has been used to clean the particle surface before flotation 

experiments [87]. It creates a cavitation effect to clean the desired surface in the liquid 

medium with an ultrasonicator (Figure 13). Ultrasonic waves create mechanical vibrations 

and produce small bubbles. Additionally, it generates high temperatures and pressures. 

During this cavitation, a chemical reaction induces the cleaning of the material [88]. 

Cavitation growth works as follows: When the temperature and time are low, there is weak 

cavitation growth. As time progresses, the fine particle amount increases, and dispersion 

occurs due to ultrasound. After increasing time, temperature also rises, and when it reaches 

the threshold, the gangue materials break down into fine particles, and more carbon can 

float due to increased hydrophobicity [89]. Several studies have investigated the influence 

of ultrasound on graphite. One study shows that 40 kHz ultrasound treatment gives more 

flotation efficiency than without pretreatment flotation. The flotation recovery after this 

process was 82.36% [90]. In another study, an ultrasonic frequency of 40 kHz and an 

ultrasonic power of 180W were used, with the temperature below 50 °C, with 2-second 

intervals. After 30 minutes, the ultrasound pretreated flotation result was compared with 

the untreated one. The untreated flotation gives 86.22% graphite recovery, while the 

ultrasound pretreated flotation gives 96.24%. Moreover, small bubbles created in the 

cavitation process help fine graphite particles to agglomerate, eventually increasing the 

flotation efficiency. The ultrasound process is also used after the pyrolysis process to clean 
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the pyrolysis residues, which can help increase the wettability differences between cathode 

and anode and, eventually, increase the flotation efficiency [68]. 

 

 
 

Figure 13. (a-c) cavitation effect, (d) effect of ultrasound on pulp (bubbles adhere to fine 

minerals), (e) fine particle layer increases with increasing time [89] 

2.6.5  Microwave technique 

Microwave irradiation is an economic technique commonly used to modify graphite 

structure. It uses microwave energy dissipation to treat the graphite surface thermally in a 

very short time (Figure 14). This method can create joule heat rapidly, making the graphite 

crystallization process shorter [91]. In this technique, the high energy produced by 

microwaves can weaken and destroy the binding force between graphite particles and 

PVDF, as well as copper foil and graphite particles. Additionally, this energy decomposes 

electrolytes as well, which, in turn, separates the graphite from copper foil. Chao et al. 

showed that graphite gives better electrochemical performance with 20-30 s microwave 

heating [92]. Several studies in the literature have used microwave radiation for graphite 
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surface modification. One study worked with 8*5 cm graphite anode cut from lithium-ion 

batteries using an 800 W microwave furnace for 20-30s. The result shows that 100% 

graphite recovery efficiency was achieved [93]. Another study was done with graphite 

using a microwave-irradiation time of 0-40 seconds. The results show that the reversible 

capacity of graphite with microwave treatment of 15s is ≥ 400 mAhg–1 at 0.1 

A/g [94].  Furthermore, another study worked with 600-1000 °C for 5-30 minutes. The 

work shows that the treatment increased the dissolution of metal quantities [95]. The 

advantage of microwave radiation for graphite recovery is that graphite can easily absorb 

weak microwave energy, but the other materials get heated up, leading to separation. The 

disadvantages include complex processes and high energy consumption compared to other 

pretreatment processes. Moreover, graphite’s structure can get damaged, eventually 

affecting the material's strength [26]. 

 
 

Figure 14. Surface modification by microwave irradiation [93] 
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3 Chapter 3: Experimental 

 

3.1  Materials and reagents 

 

Conductive synthetic graphite powder (99.9%), Super P conductive carbon black 

(99.95%), and polyvinylidene fluoride (PVDF, 99.6%) binder, specifically designed for 

battery research, were procured from MSE Supplies (Tucson, AZ, USA). Analytical-grade 

reagents, including 1-methyl-2-pyrrolidone (NMP), formamide (99+%), ethylene glycol 

(99.8%), hydrochloric acid (37%, ACS reagent), sodium hydroxide pellets (≥98%, reagent 

grade), sodium chloride (≥99.0%, ACS reagent), and methyl isobutyl carbinol (synthesis 

grade), were obtained from Sigma-Aldrich (St. Louis, MO, USA). Milli-Q water 

(resistivity ≥18.2 MΩ·cm) was used for all preparation and analytical procedures to ensure 

the highest purity. Additionally, a high-power polymer lithium-ion battery (LIB) pouch 

cell containing lithium, nickel, manganese, and cobalt (NMC) elements was sourced from 

AA Portable Power Corporation (California, USA). 

3.2 Sample preparation and characterization 

 

3.2.1 Sample preparation procedures 

To prepare PVDF-modified graphite (PVDF-G) samples, PVDF was first dissolved in 

NMP at a 0.2 g/mL concentration. The dissolution process was carried out under constant 

magnetic stirring and ultrasonication at 50 °C until the PVDF was fully dissolved. Next, 

battery-grade graphite was added to the PVDF solution at a PVDF-to-graphite ratio of 5–

10 wt.%. The resulting mixture was then heated in a vacuum oven (Figure 15a) at 175 °C 

overnight to ensure complete removal of NMP. After evaporation, the solid residue was 
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thoroughly ground in a mortar and pestle to obtain a homogeneous, fine powder. This 

PVDF-G powder was used directly for various characterizations (XRD, SEM-EDS, 

Raman, TGA). Pellets of this powder were also fabricated using a Carver hydraulic press 

and a 10×10 mm MSE PRO square pellet pressing die set for surface roughness and contact 

angle measurements (Figure 15b). 

For flotation tests, a LIB pouch cell (3.7 V, 10 Ah, 154.16 Wh/kg) was initially discharged 

in a 10 wt.% NaCl aqueous solution for 24 hours, lowering the cell voltage to 0.1 V. The 

discharged cell was then manually dismantled using scissors. The aluminum casing, 

polypropylene separator, and anode electrode were separated from the cathode electrode. 

The cathode consisted of an NMC coating on an aluminum foil, whereas the anode was a 

graphite coating on a copper foil. The cathode was cut into 1.5 cm² pieces and transferred 

to a stainless-steel container for high-speed ball milling. Stainless steel balls (1.00 mm 

diameter) were used at a ball-to-cathode material ratio of 10:1. Milling was performed in a 

SPEX CertiPrep™ Mixer/Mill for 15 minutes. The resultant cathode powder from ball 

milling was subsequently mixed with the previously prepared PVDF-G powder at a mass 

ratio of 60:40. This blend, referred to as the “Black Mass” or BM, was used for flotation 

tests and further contact angle measurements. 
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Figure 15. (a) vacuum oven, and (b) hydraulic press used for sample preparation 

3.2.2 Scanning electron microscopy and energy dispersive X-ray spectroscopy  

Surface morphology and the elemental composition of the graphite pellets and powders 

were examined using a scanning electron microscope (Thermo Scientific Scios™ 2 

DualBeam™), (Figure 16b). Powdered samples were mounted on aluminum stubs with 

conductive carbon tape. Because the PVDF-G samples can be partially non-conductive, a 

20 nm gold coating was applied using an EMS 150T sputter coater (operated at 150–250 

°C, 90–240 V, 50/60 Hz, 1350 VA, and under a nominal nitrogen pressure of 4 psi) to 

minimize charging effects (Figure 16a). After SEM imaging, EDS was carried out on a 

Thermo Scientific system under a nitrogen atmosphere to determine the elemental 

composition of the sample surfaces. 
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Figure 16. (a) sputter coater, and (b) SEM used for sample characterization 

3.2.3 Thermogravimetric analysis 

To evaluate their thermal stability and composition, TGA was performed on all powdered 

samples using a Q50 (1474-TGA) instrument (Figure 17). Approximately 8 mg of each 

sample was placed in a platinum pan and heated from room temperature to 900 °C at a rate 

of 10 °C/min under a nitrogen flow of 10 mL/min. The resulting data indicated the onset 

and the temperatures at which material decomposition starts and ends.  
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Figure 17. The TGA instrument used for thermal and decomposition analysis 

3.2.4 Raman spectroscopy 

Raman spectroscopy was used to identify the structural and chemical composition of the 

samples, as well as to characterize their crystalline and amorphous phases. Each powdered 

sample was placed on a clean glass slide and examined using an inVia™ confocal Raman 

microscope (Renishaw, UK), (Figure 18). A 514 nm laser beam served as the excitation 

source, operating at 100% power (150 mW), with an exposure time of 10 s per scan. The 

extended wavenumber range was set from 100 to 3200 cm⁻¹. WiRE 2.0 software was used 

for calibration and peak analysis. 
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Figure 18. The Raman microscope used for material characterization 

3.2.5 X-ray diffraction analysis 

XRD was performed using a D8 ADVANCE A25 diffractometer (Bruker, Germany) to 

evaluate the crystallinity of graphite, PVDF, PVDF-G, and BM samples. Approximately 

0.5 g of each homogenized sample was placed in the sample holder and pressed flat with a 

glass slide. Data were collected over a 2θ range of 10°–90°, with a sample rotation of 15 

rpm, a voltage of 40 kV, a current of 40 mA, a PSD opening of 2.9, and a 1.0 s step time. 

A Göbel mirror fitted with a 0.1 mm fixed slit was used on the primary side, and the Kβ 

filter was removed on the secondary side to optimize measurements. The resulting XRD 

patterns were analyzed using DIFFRAC.EVA software. 

3.2.6 Surface roughness measurement 

Surface roughness was evaluated using a 3D profilometer integrated into an Rtec 

tribometer (MFT-5000, Rtec Instruments, USA) (Figure 19). This setup measures surface 

irregularities and characterizes the surface texture of the pellets prepared for contact angle 

measurements. The profilometer features a fully motorized X–Y–Z stage (130 mm × 270 
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mm × 150 mm), with a load range from 10 N to 200 N. Surface topography and roughness 

data were collected and analyzed using Rtec MFT software. 

 

Figure 19. The Rtec tribometer used for surface roughness analysis 

 

3.2.7 Contact angle measurements  

Contact angle measurements were carried out using a ramé-hart 500 contact angle 

goniometer (ramé-hart Instrument Co., USA), (Figure 20). Three probe liquids—deionized 

water, ethylene glycol, and formamide—were used, each with known surface energy 

components. Liquid droplets were placed on the pellet surfaces using a microneedle, and 

contact angles were measured every 0.5 s for 120 s. Images of the droplets were captured 

at specified time intervals and analyzed using DROPimage software. The resulting contact 

angles were then employed to determine the surface energy of the samples. 
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Figure 20. The ramé-hart 500 goniometer used for contact angle measurement 

 

3.3 Surface energy analysis  

The surface energy of a solid material is a critical parameter that can be determined through 

its wetting behavior when interacting with liquids. This behavior is commonly analyzed by 

measuring the contact angle formed between a liquid droplet and the solid surface, which 

reflects the thermodynamic equilibrium between the liquid, solid, and gas phases (Figure 

21). 

 

Figure 21. Schematic representation of the relationship between contact angle and 

interfacial tensions 
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The theoretical foundation for this analysis originates from Young’s equation, which 

establishes a relationship between the contact angle (θ), the surface energy of the solid (γs), 

the surface energy of the liquid (γl), and the interfacial energy between the solid and liquid 

(γsl): 

    𝛾𝑠 = 𝛾𝑠𝑙 + 𝛾𝑙 cos 𝜃            (Eq. 3.1) 

While Young’s equation provides a valuable framework, direct determination of γs and γsl 

is challenging. To address this limitation, Dupré introduced the concept of the work of 

adhesion (Wab), which quantifies the energy required to separate two phases, a and b. 

𝑊𝑎𝑏 = 𝛾𝑎 + 𝛾𝑏 − 𝛾𝑎𝑏         (Eq. 3.2) 

If the phase “a” is solid and the phase “b” is liquid, then by substituting Eq 1, the Young 

equation, into Eq 2, the Young–Dupre equation would be obtained 

When the solid is phase “a” and the liquid is phase “b,” the Young–Dupré equation can 

be derived by substituting Young’s equation into the adhesion energy formulation.  

𝑊𝑠𝑙 = 𝛾𝑙(1 + cos 𝜃)             (Eq. 3.3) 

Similarly, the work of cohesion, which describes the energy required to separate identical 

phases, can be defined. 

𝑊𝑠𝑠 = 𝛾𝑠 + 𝛾𝑠 − 0 = 2𝛾𝑠         (Eq. 3.4) 

𝑊𝑙𝑙 = 𝛾𝑙 + 𝛾𝑙 − 0 = 2𝛾𝑙          (Eq. 3.5) 
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Building on Berthelot’s assumption that the work of adhesion (Wsl) between a solid and 

liquid equals the geometric mean of their respective cohesive works, a more comprehensive 

expression for surface energy calculations can be formulated. This culminates in an 

equation that integrates interfacial energies and provides the theoretical basis for evaluating 

surface energy. 

𝑊𝑠𝑙 = √𝑊𝑠𝑠𝑊𝑙𝑙           (Eq. 3.6) 

𝑊𝑠𝑙 = 2√𝛾𝑠𝛾𝑙 = 𝛾𝑙(1 + cos 𝜃)        (Eq. 3.7) 

Given the complexity of real-world interactions, multiple models have been developed to 

derive surface energy from contact angle measurements. These models approach the 

problem from different perspectives, each with its strengths and limitations. As surface 

energy is not an absolute property, employing multiple methods enhances reliability. In 

this study, two widely recognized models — Van Oss–Chaudhury–Good, and Owens–

Wendt–Rabel–Kaelble — were utilized to calculate the surface energy of graphite samples, 

both in the presence and absence of PVDF, and before and after microwave treatment, 

based on contact angle data. By leveraging these models, the polar and nonpolar 

components of surface energy were dissected, offering critical insights into the influence 

of the PVDF binder and microwave treatment on the surface energy properties of graphite. 

This comprehensive approach ensures a more nuanced understanding of the interaction 

mechanisms involved. 
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3.4 Microwave treatment 

Specimens weighing 0.5–1.0 g were subjected to microwave pre-treatment in a laboratory 

microwave reactor (CEM Discover® System, 2.45 GHz magnetron frequency, USA) 

shown in Figure 22. The reactor utilizes 10 mL sealed pressure vessels that are transparent 

to microwave radiation, enabling direct molecular activation. This approach minimizes 

side reactions and allows for rapid and efficient heating of the reactants. 

Microwave treatment was performed at power levels of 0.1, 0.2, and 0.3 kW for irradiation 

times of 1, 2, 5, and 10 minutes. Each sample was placed in a transparent Pyrex glass 

container and centered in the reactor cavity to ensure uniform exposure to the microwave 

field. The primary goal of this microwave treatment was to assess its influence on surface 

wettability and floatability of the samples. By varying the irradiation parameters, the study 

aimed to elucidate the relationship between microwave energy exposure and changes in 

the physical and chemical properties of the sample surfaces. 

 

Figure 22. Microwave reactor used sample treatment 



47 

 

 

 

3.5 Micro-flotation tests 

Collector-less flotation tests were conducted in an 80 mL micro-flotation cell (Figure 23). 

A magnetic stirrer was used to suspend the particles uniformly, and pure nitrogen gas was 

introduced through a porous frit to generate bubbles, thereby minimizing interference from 

carbon dioxide. 

Before flotation, 0.5 g of particles was dispersed in 65–70 mL of solution within a glass 

beaker. MIBC frothers were then added, followed by 1 minute of conditioning to ensure 

optimal dispersion. The pH of the solution was recorded before and after conditioning. As 

most particles floated within the first 60 seconds, the initial pH values were considered 

more representative of the flotation environment. 

During flotation, the nitrogen gas flow rate was maintained at around 55 mL/min. Froth 

products were continuously removed for 4 minutes to achieve a steady recovery. 

Afterward, the concentration and tailings were collected and dried in an oven at a constant 

temperature for 12 hours. Recovery values were determined by product weights for pure 

graphite samples and by total carbon analysis for black mass samples before and after 

microwave treatment. The flotation recovery (R) was calculated using equation 3.8: 

𝑅 =
𝐶×𝑐

𝐹×𝑓
× 100      (Eq. 3.8) 

where C denotes the mass of the concentrate, c is the graphite content of the concentrate, 

F represents the mass of the feed, and f is the graphite content of the feed. 

Each test was repeated two times under identical conditions to ensure reliability. The 

standard deviation of the recovery data, representing the experimental error, was calculated 

and is reported to demonstrate reproducibility and precision. 
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Figure 23. Micro-flotation device used for graphite recovery 
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4 Chapter 4: Results and Discussion 

 

4.1 SEM-EDS analysis 

Figure 24 represents the surface morphology of pure graphite, PVDF-G, PVDF-G after 

microwave treatment (PVDF-G-MW), BM, and microwave-treated BM (BM-MW) 

powders studied by SEM analysis. Pure graphite shows relatively smaller, flaky 

morphology. PVDF-G shows agglomeration due to the presence of PVDF, as the viscosity 

of PVDF causes the particles to stick together, leading to clustering. The SEM images of 

PVDF-G-MW show less agglomeration, indicating that microwave treatment mitigates the 

clustering effect caused by PVDF. The SEM images of BM show a mixture of graphite, 

PVDF, and other metals. Thus, the presence of larger agglomerates or clusters is noticeable. 

After microwave treatment, BM shows less agglomeration because the localized heating 

from microwave treatment helps break down the clusters of particles, reduces 

agglomeration size, and enhances a more even dispersion of the material. 

 

 

Figure 24. SEM images of (a) pure graphite, (b) PVDF-G, (c) PVDF-G-MW, (d) BM, (e) 

BM-MW 
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The colored EDS images shown in Figure 25 provide a clear visualization of the elemental 

distribution for pure graphite, PVDF-G and BM powders. For pure graphite, the image 

shows a strong carbon signal. In the PVDF-G image, there is a 5% F, indicating the 

presence of PVDF. EDS of BM shows different elements, including F, which indicates the 

presence of PVDF. 

 

Figure 25. EDS analysis of (a) pure graphite, (b) PVDF-G, (c) BM powders 

(b)  
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4.2 Raman spectroscopy analysis 

Figure 26 shows the Raman spectroscopy analysis of pure graphite, pure PVDF, PVDF-G, 

and BM before microwave treatment. Raman analysis was conducted at wave numbers 

from 400 cm-1 to 3200 cm-1 at a laser wavelength of 518 nm. Pure graphite shows three 

different bands: D band, G band, and 2D band. The D band's intensity represents the 

defects' concentration, whereas the G band's intensity represents the crystallinity of 

graphite. Additionally, the lower the ratio of ID/IG, the higher the degree of graphitization 

[96]. Raman spectra of pure PVDF show several bands at 2900 cm-1, 1450 cm-1, and 800 

cm-1. The decreasing intensity and left shift of the G band for PVDF-G and BM can be 

attributed to the impurities, such as metal oxides and PVDF, present in the graphite. The 

disappearance of the graphitic D band in the Raman spectrum of  BM may be due to the 

emergence of a distorted and extended band of NMC cathode material at around 1400 cm-

1 [97]. The Raman spectroscopy results for graphite show a sharp and intense graphite band 

around 1580 cm-1, characteristic of the graphitic structure. Pure PVDF exhibits a weaker, 

broad band, which is typical for a polymer’s vibrational modes. For PVDF-G, the spectrum 

shows a broad and less intense G band, indicating that PVDF interacts with graphite, 

leading to some disturbance in graphite’s structure. In BM, both the D and G bands are 

visible but appear broader and less intense, suggesting that the presence of PVDF and metal 

oxides from spent LIB materials influences the Raman peaks, resulting in altered intensities 

and broadened features due to interactions with these additional components. 
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Figure 26. Raman spectra for pure graphite, pure PVDF, BM, and PVDF-G 

 

4.3 XRD analysis 

Figure 27 illustrates the X-ray diffraction patterns of pure graphite, pure PVDF, PVDF-G, 

and BM. XRD analysis was conducted at a 2ϴ range of 10 ° to 90 ° with a step time of 1.0 

s and an increment of 0.02 °. Pure graphite, pure PVDF, PVDF-G, and BM showed their 

typical crystallinity by demonstrating sharp peaks at 26.42 °, 18.96 °, 45.25 °, 37.46 °, and 

38.51 °. The peaks at 18.96 °, 37.46 °, 38.51 °, and 45.25 ° correspond to NMC cathode 

materials in the case of BM, whereas the peak at 26.42 ° belongs to the graphite (002) plane 

[98]. Though PVDF can exist in three different phases such as α, β, and ϒ, the two intense 

peaks at 18.4 °(020) and 20.0 °(110), and a medium peak at 26.6 °(021) manifest that PVDF 

is alpha phase [99]. Though the intense peaks for all the samples at 26.42 °C correspond to 

graphite, the shift of this peak to the left for PVDF-G and BM implies the presence of 
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impurities such as PVDF and NMC cathode materials. Pure graphite showed typical 

crystallinity by demonstrating characteristic sharp peaks at 26.5 °. PVDF shows peaks at 

18.2 °C, 19.8 °C, and 26.3 °C. The XRD results of PVDF-G and BM show peaks in the 

same diffraction range as pure PVDF (Figure 27 b), confirming the presence of PVDF in 

both materials. PVDF-G shows peaks at 17.7 °C and 18.2 °C. BM shows a peak at 18.9 

°C. This indicates that PVDF is effectively incorporated into PVDF-G and BM samples. 

 

Figure 27. XRD patterns for (a) pure graphite, pure PVDF, BM, and PVDF-G, (b) PVDF-

G and BM magnified view  

 

4.4 TGA analysis 

Figure 28 presents the thermogravimetric analysis results for pure graphite, pure PVDF, 

BM and PVDF-G. All the TGA analyses were carried out in a continuous N2 flow of 10 

mL/min. The temperature range for TG analysis was set to be 20 C to 850 °C. Pure graphite 

remains stable with minimal weight loss across the temperature range. The following figure 

shows that pure graphite does not exhibit weight until 700 °C. PVDF exhibits significant 

weight loss between 400-700 °C, due to the decomposition of PVDF into HF and 

polyaromatic compounds. For PVDF, HF formation begins around 400–450 °C due to the 
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preferential cleavage of C–H bonds, leading to unsaturated intermediates and C-C double 

bond unzipping. As the temperature rises to 450–700 °C, the resulting polyenic sequences 

undergo further transformations such as polyaromatization, forming stable aromatic 

carbonaceous structures [100]. PVDF-G shows similar weight loss in this range, indicating 

the presence of PVDF and its decomposition.  In the case of PVDF-G, the elimination of 

HF begins at 420–450 °C, triggered by the breaking of C–H bonds and leading to the 

generation of unsaturated fragments. With further heating up to 450–720 °C, these 

fragments undergo complex transformations, including polyaromatization, which forms 

stable aromatic carbon structures [100]. BM also decomposes in the same temperature 

range, but its thermal stability is enhanced by metal oxides, which decompose at higher 

temperatures. For BM, HF formation occurs between 380–580 °C due to the cleavage of 

C–H bonds, producing unsaturated intermediates and initiating chain breakdown. As the 

temperature rises from 580 to around 700 °C, these intermediates undergo further reactions, 

including polyaromatization, resulting in the formation of stable aromatic carbonaceous 

materials [100]. 

 

Figure 28. TGA graphs for pure graphite, pure PVDF, BM and PVDF-G 
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4.5 Surface roughness analysis 

Figure 29 shows the surface roughness analysis of pure PVDF, pure graphite, PVDF-G, 

PVDF-G-MW, BM, and BM-MW pellets. The results show that the Sa values of pure 

PVDF and pure graphite are 1.223 µm and 0.98 µm, respectively. Sa is the surface 

extension of Ra (arithmetical mean height of a profile), which is commonly used to assess 

overall surface roughness and represents the average deviation in height of each point on a 

surface relative to the mean surface level [101]. On the other hand, the PVDF-G has a Sa 

value of 0.91 µm with small features and low peaks, and it increases dramatically after the 

microwave treatment of the surface, reaching 5.75 µm. This can be attributed to the heating 

effects of MW treatment, which form more prominent peaks and valleys. The surface of 

BM exhibits Sa values of 1.46 µm. The Sa value of BM after microwave treatment 

increased to 1.58 µm. 

 

Figure 29. Visualization of surface profiles and mean surface roughness (Sa) (a) pure 

PVDF, (b) pure graphite, (c) PVDF-G, (d) PVDF-G-MW, (e) BM, and (f) BM-MW 

pellets 
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4.6 Particle size analysis by laser diffraction 

Figures 30 and 31 show the laser diffraction particle size analysis of pure graphite, PVDF-

G, NMC cathode, and BM. The particle size range of pure graphite is 2 to 40 µm, with the 

highest volume percent of 7.52 for 8.94 µm. The average particle size for pure graphite is 

9.90 µm. From the results (Figure 30a), the d10, d90, and standard deviation of the pure 

graphite particle size are 4.51 µm, 15.91 µm, and 5.58 µm, respectively. The particle size 

range for PVDF-G (Figure 30b) is 2.1 µm to 1.0 mm, with a mean value of 155.1 µm. The 

standard deviation of the PVDF-G particles is 174.9 µm. On the other hand, the d10 and d90 

values are 12.08 µm and 431.9 µm, respectively. The highest volume percent of particles 

is 2.65% for 133.75 µm. 

 

Figure 30. Laser diffraction particle size analysis of (a) pure graphite and (b) PVDF-G 
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Figure 31 describes the particle size distribution of the NMC cathode and BM. The particle 

size distribution for the NMC cathode ranges from 0.04 µm to 373.14 µm with a mean 

value of 52.88 µm. The d10 and d90 values for NMC cathode materials are 2.14 µm and 

132.6 µm, respectively. Also, the standard deviation of the particle size was 59.17 µm. The 

highest volume percentage belongs to the particle size of 69.62 µm, 3.69%. The particle 

size range in BM is 0.04 µm–1254.55 µm. The standard deviation and mean diameter were 

244.5 µm and 198.4 µm, respectively. The d10 and d90 values are 7.98 µm and 605.4 µm, 

respectively. The highest volume percent, 2.75%, belongs to 541.89 µm. Considering the 

mean particle size, the largest particle size belongs to the BM, PVDF-G, and NMC cathode. 

According to the mean value, the lowest particle size belongs to pure graphite.  

 

Figure 31. Laser diffraction particle size analysis of (a) pure NMC cathode, and (b) BM 
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The particle size range of these four samples can be arranged BM (198.4 µm) > PVDF 

modified graphite (155.1 µm) > NMC cathode (52.88 µm) > pure PVDF (9.90 µm). The 

presence of PVDF and its binding ability to graphite and cathode materials may lead to the 

larger particle size of  BM by agglomeration. Similarly, in PVDF-G, the presence of PVDF 

may lead to the formation of bigger particles by binding and agglomeration with graphite. 

This can also be evidenced by the lowest particle size of pure graphite because of the 

absence of PVDF.  

 

4.7 Surface Energy Analysis 

The surface energy of a material is a critical parameter that governs its interactions with 

surrounding phases, influencing properties such as wettability, adhesion, and surface 

reactivity. Several methods are available for determining surface energy, including Zisman, 

Neumann, Fowkes, and the models employed in this study: the van Oss–Good–Chaudhury 

(vOCG) and Owens-Wendt-Rabel-Kaelble (OWRK) models.   

The Zisman model primarily focuses on the critical surface tension, determined from the 

contact angles of a liquid series, and assumes that non-polar interactions dominate. 

However, it cannot resolve polar contributions, making it less suitable for studying 

materials like PVDF or battery cathode materials, where polarity plays a significant role. 

Similarly, the Neumann model, based on the equation of state, simplifies the relationship 

between surface energy and contact angle but assumes a uniform energy landscape, which 

may not capture the complexity of heterogeneous materials like BM. The Fowkes model 

decomposes surface energy into polar and dispersive components but does not account for 

the detailed acid–base interactions described by the vOCG model. Liquid droplets in 
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contact with rough surfaces behave differently as in the case of flat and homogeneous 

surfaces. While the contact angle in the latter case ( flat and homogeneous surfaces) is 

calculated by Young’s equation, the Wenzel and Cassie-Baxter models are employed in 

the former case (rough surfaces). Wenzel's model explains that the probe liquid droplet 

completely wets the roughness of the surface, which also means that liquid enters the 

capillary region of the surface [102]. The equation derived from the Wenzel model is given 

below. 

                                                            𝐶𝑜𝑠𝜃𝑊 = 𝑟𝑐𝑜𝑠𝜃𝑌              (Eq. 4.1)                        

 According to Young's equation, ϴW and ϴY are apparent contact angles on rough surfaces 

by the Wenzel model and contact angles on flat and smooth surfaces. Also, r > 1 is the 

roughness factor.  

On the other hand, the Cassie-Baxter model states that the probe liquid droplet stays on top 

of the rough surface by trapping air in the capillary region [103]. The equation derived 

from the Cassie-Baxter model is given below. 

                                                         𝐶𝑜𝑠𝜃𝐶𝐵 = 𝑓(𝑐𝑜𝑠𝜃𝑌 + 1)          (Eq. 4.2)                 

Here, ϴCB and ϴY are the apparent contact angles on a rough surface by the Cassie-Baxter 

model and the contact angle on a flat and smooth surface according to Young’s equation, 

respectively. Also, f is the fraction of the liquid/solid interface area. Figure 32 illustrates 

the two possible scenarios of wetting the rough surfaces by a probe liquid droplet. 
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Figure 32. Scheme of the wetting behavior of probe liquid by Wenzel and Cassie-Baxter 

models [103] 

The Wenzel and Cassie-Baxter models focus on the geometric and wetting behavior of 

surfaces but do not provide information about surface energy components, as they 

primarily consider surface roughness and wettability. Each approach has its strengths and 

limitations, but the choice of vOCG and OWRK in this study stems from their ability to 

provide complementary insights into the polar and non-polar contributions to surface 

energy, which are central to understanding the materials under investigation and interfacial 

reactions taking place in the flotation process. The vOCG model partitions the total surface 

energy (γtot) into non-polar Lifshitz–van der Waals (γLW) and polar acid–base (γAB) 

components, where the acid–base portion is further subdivided into electron-donor (γ−) and 

electron-acceptor (γ+) parameters. This detailed breakdown allows for a deeper insight into 

the polar interactions, significant for materials such as mass with diverse components. The 

total surface energy is calculated as: 

𝛾𝑡𝑜𝑡 = 𝛾𝐿𝑊 + 𝛾 𝐴𝐵                (Eq. 4.3) 
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𝛾 𝐴𝐵 = 2√𝛾+𝛾−                    (Eq. 4.4) 

The vOCG model uses contact angle measurements of polar and non-polar liquids to 

determine these components by solving the Young–Dupre equation: 

 

𝛾𝐿(1 + cos 𝜃) = 2 (√𝛾𝑆
𝐿𝑊𝛾𝐿

𝐿𝑊 + √𝛾𝑆
+𝛾𝐿

− + √𝛾𝑆
−𝛾𝐿

+)     (Eq. 4.5) 

where θ is the contact angle, and γL
LW, γL

+, γL
− are the liquid's surface energy components. 

The OWRK model, on the other hand, divides the total surface energy into dispersive (γd) 

and polar (γp) components, in which the nature of polar/non-polar forces is different.  The 

total surface energy is expressed as: 

       𝛾𝑡𝑜𝑡 = 𝛾𝑑 + 𝛾𝑃            (Eq. 4.6) 

The components are determined using contact angle measurements with the following 

equation: 

𝛾𝐿(1 + cos 𝜃) = 2 (√𝛾𝑆
𝑑𝛾𝐿

𝑑 + √𝛾𝑆
𝑃𝛾𝐿

𝑃)      (Eq. 4.7) 

Here, γS
d and γS

p are the solid's surface energy components, while γL
d and γL

L are those of 

the liquid. 

The use of vOCG and OWRK models in this study allows for a comprehensive 

characterization of the graphite and the effect of PVDF on polar and non-polar 

contributions of surface energy. The vOCG model divides the surface energy information 

into non-polar Lifshitz–van der Waals and polar acid–base components. It also gives 

information about electron donors and acceptor components. This approach is particularly 

advantageous for analyzing the heterogeneous nature of BM and the effects of microwave 

treatment, where both polar and non-polar interactions significantly influence the observed 
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surface energy. Owens-Wendt-Rabel-Kaelble model divides surface energy information 

into polar and dispersive components. This model is well suited to polymers like PVDF. 

Both models rely on contact angle measurements with probe liquids to determine the 

surface energy components. In this study, water, ethylene glycol, and formamide were 

chosen as probe liquids due to their well-characterized surface energy properties and ability 

to capture both polar and non-polar interactions. The surface energy components of these 

liquids are summarized in Table 7. 

Table 7. Surface Energy Components of Probe Liquids (mJ/m²) 

Probe Liquid γtot γL
LW γL

+ γL
− γd γp 

Water 72.8 21.8 25.5 25.5 21.8 51.0 

Ethylene glycol 48.0 29.0 1.92 47.0 29.0 19.0 

Formamide 58.0 39.0 2.28 39.6 39.0 19.0 

With this foundation, the following sections detail the results and discussion of surface 

energy components for the studied materials. 

Figures 33 and 34 show the average contact angle measurement of graphite, PVDF, PVDF-

G, PVDF-G-MW, BM, and BM-MW by using three different probes. For PVDF-G, the 

contact angle with water increased (from 74 ° to 96 °) after microwave treatment, whereas 

the contact angles with ethylene glycol and formamide decreased (from 49 ° to 42 ° and  

52 ° to 42 °, respectively) after microwave treatment. 



63 

 

 

 

 

Figure 33. Contact angle measurements of graphite, PVDF, PVDF-G, and PVDF-G-MW 

by using three different probes 

With water, the contact angle of BM decreased after microwave treatment, whereas with 

ethylene glycol and formamide, the contact angle increased after microwave treatment. 

 
 

Figure 34. Contact angle measurements of BM and BM-MW by using three different 

probes 

4.7.1 Effect of PVDF on graphite by vOCG model and OWRK model  

Figure 35 represents the total surface energy obtained by the vOCG model of pure graphite, 

pure PVDF, and graphite after the addition of PVDF. Adding PVDF to graphite shows the 

reduction of the surface energy of graphite ( from 75.8 mJ/m2 to 59.5 mJ/m2) by modifying 
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both dispersive and polar components. The contribution from dispersive components 

remains relatively high 55.6 mJ/m2, like pure graphite 55.8 mJ/m2, indicating that the non-

polar nature of graphite is preserved. The contribution from polar components decreases 

significantly (electron donor component from 60.3 to 8.7 mJ/m2) due to the presence of 

PVDF, making PVDF-G less reactive with polar substances. As a result, wettability 

decreases, and hydrophobicity increases. 

 
 

Figure 35. Surface energy change in graphite after PVDF addition by vOCG model 

Figure 36 represents the total surface energy obtained by the OWRK model of pure 

graphite, pure PVDF, and graphite after the addition of PVDF. The addition of PVDF to 

graphite slightly increases the total surface energy of graphite (from 66.8 mJ/m2 to 69.5 

mJ/m2). However, the contribution from the dispersive component of PVDF-G is higher 

(from 6.9 mJ/m2 to 68.3 mJ/m2). This suggests that the non-polar nature of graphite is 
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largely preserved in PVDF-G, maintaining strong van der Waals forces. The contribution 

from the polar component of PVDF-G (1.1 mJ/m2) is much lower than both graphite and 

PVDF. This reduction in polar interactions results in PVDF-G being less reactive with 

polar substances like water, lowering its ability to interact with polar liquids. As a result, 

the wettability of PVDF-G is reduced, and hydrophobicity increases. 

 

 
 

Figure 36. Surface energy change in graphite after PVDF addition by OWRK model 

4.7.2 Effect of microwave treatment (MW) on surface energy of PVDF by 

vOCG and OWRK model 

Figure 37 represents the total surface energy obtained by the vOCG model of PVDF-G and 

PVDF-G-MW. After MW treatment, the surface energy increases (from 59.5 mJ/m2 to 95.5 

mJ/m2). This surface energy increase mostly comes from the contribution from dispersive 

component, 92.5 mJ/m2. It indicates that non-polar, van der Waals–Lifshitz interactions 
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dominate the surface characteristics. This suggests the surface has become more 

hydrophobic, enhancing interactions with non-polar substances. 

 

Figure 37. Surface energy change in PVDF after MW treatment by vOCG model 

Figure 38 represents the total surface energy obtained by the OWRK model of PVDF-G 

and PVDF-G-MW. After MW treatment, the total surface energy increases (from 69.5 

mJ/m2 to 83.7 mJ/m2). The contribution of dispersive components of PVDF-G-MW is 

higher than that of PVDF-G (from 68.3 mJ/m2 to 69.5 mJ/m2), suggesting that MW 

treatment increases the non-polar surface energy of the material. The contribution of the 

polar component of PVDF-G-MW is slightly higher (from 1.1 mJ/m2 to 1.8 mJ/m2) than 

that of PVDF-G, indicating a slight increase in the material’s ability to interact with polar 

substances. The total surface energy of PVDF-G-MW is higher than that of PVDF-G, 
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indicating that MW treatment makes the material more reactive with polar and non-polar 

substances.  

 

Figure 38. Surface energy change in PVDF after MW treatment by OWRK model 

 

4.7.3 Effect of microwave treatment (MW) on surface energy of black mass 

(BM) by vOCG and OWRK model 

Figure 39 represents the total surface energy obtained by the vOCG model of BM and BM-

MW. In BM-MW, the contribution from dispersive components is higher (from 77.7 mJ/m2 

to 91.2 mJ/m2) than in BM, indicating MW treatment increases the non-polar surface 

energy of the material. The contribution from electron acceptors (from 1.8 mJ/m2 to 9.8 

mJ/m2) and electron donors (from 16.2 mJ/m2 to 43.56 mJ/m2) components also increase 

after MW, showing an enhanced ability to interact with electron donor molecules and a 
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more substantial capacity to donate electrons. The total surface energy has also increased, 

suggesting that MW treatment makes the material more reactive with polar and non-polar 

substances.  

 

Figure 39. Surface energy change in black mass after MW treatment by the vOCG model 

Figure 40 represents the total surface energy obtained by the OWRK model of BM and 

BM-MW. In BM-MW, the contribution from the dispersive component is reduced 

significantly (from 105.2 mJ/m2 to 0.2 mJ/m2), indicating that the non-polar nature of the 

material is reduced after MW treatment. The contribution from polar components of BM 

increases (from 7.0 mJ/m2 to 70.2 mJ/m2) after MW, suggesting that the MW treatment 

enhances the material’s ability to interact with polar substances, making it much more 

reactive with polar liquids. Total surface energy decreases after microwave treatment (from 

112.2 mJ/m2 to 70.4 mJ/m2). 
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Figure 40. Surface energy change in black mass after MW treatment by OWRK model 

4.8 Micro-Flotation Studies 

4.8.1 Floatability of graphite and the effect of PVDF and microwave 

treatment 

Figure 41 presents the results of 4-minute micro-flotation tests, comparing the flotation 

efficiency of graphite, PVDF-G, and PVDF-G-MW. PVDF-G-MW exhibited the highest 

recovery (96%), followed by PVDF-G (85.1%), with graphite showing the lowest recovery 

(78.8%). Therefore, the floatability of the materials increased in the order: graphite < 

PVDF-G < PVDF-G-MW. This indicates that the presence of PVDF in graphite increases 

the graphite recovery, and microwave treatment can further enhance the flotation efficiency 

by altering its surface characteristics. It increases surface roughness, modifies or exposes 

hydrophobic functional groups, and reduces surface energy, improving particle–bubble 



70 

 

 

 

interactions during flotation. Additionally, the microwave treatment helps remove surface 

contaminants, making the surface more hydrophobic and thus increasing recovery.[104]. 

 

Figure 41. Recovery of Graphite, PVDF-G, and PVDF-G-MW 

 

4.8.2 Effect of microwave parameters on floatability of PVDF-G  

Two microwave parameters, including different power levels and times, were examined to 

determine the floatability of the PVDF-G samples. Figure 42 shows that at 100 watts, the 

recovery rate is 87%. After increasing the microwave power to 200 watts, the recovery 

improves to 90%, meaning that graphite hydrophobicity increases, resulting in higher 

recovery. At a microwave power of 300 watts, the recovery increased, reaching 96%. The 

increase in microwave power increases surface modification of PVDF-G, promoting 

greater hydrophobicity and improving particle-bubble attachment during flotation [105]. 
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Higher microwave power levels likely intensify the exposure or reorganization of 

hydrophobic groups on the surface, which in turn leads to increased recovery [106]. 

 

Figure 42. The effect of different microwave powers on floatability 

Figure 43 shows the recovery of PVDF-G at different microwave durations. At 2 minutes, 

microwave-treated samples demonstrated 96% flotation recovery, which reached over 99% 

with the extension of microwave treatment to 10 minutes. This suggests a 2-minute 

microwave time is enough for around 96% graphite recovery. 
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Figure 43. The effect of different microwave durations on floatability 

 

4.8.3 Flotation behavior of black mass and the effect of microwave treatment 

Figures 44 and 45 show mass and graphite recovery after flotation experiments with 

different microwave powers. At 100 watts, mass recovery is 72%, and graphite recovery is 

82%. With increasing power, mass recovery decreases while graphite recovery increases. 

This indicates that higher microwave powers lead to more selective graphite separation, 

enhancing graphite recovery while reducing the entrainment of metals into the froth phase. 

Thus, as microwave power increases, metal losses decrease while graphite recovery 

improves. 
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Figure 44. Mass recovery of Black mass at different microwave powers 

 

Figure 45. Graphite recovery of Black mass at different microwave powers 
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5 Chapter 5: Conclusion 

This study investigated the effect of PVDF and microwave treatment on graphite's surface 

properties and flotation behavior. Both pellet and powdered samples were used. The 

surface properties of graphite, in the presence and absence of PVDF, and BM before and 

after microwave treatment, were studied using SEM, EDS, Raman spectroscopy, TGA, X-

ray diffraction, surface roughness, and wettability tests using three probe liquids, namely 

deionized water, ethylene glycol, and formamide. SEM results showed that microwave 

treatment reduces agglomeration in both PVDF-G and BM samples. The TGA results 

showed that PVDF in both PVDF-G and BM leads to weight loss in the temperature range 

of 400-700 °C. Regarding the structural features, three separate bands were found in the 

Raman spectroscopy study of pure graphite: the D band, G band, and 2D band.  The Raman 

spectroscopy results for PVDF-G show a broad and less intense G band. Similarly, in BM, 

both the D and G bands are visible but are broad and less intense. The XRD results reveal 

that PVDF shows peaks at 18.2 °C, 19.8 °C, and 26.3 °C. The XRD results of PVDF-G 

and BM show peaks in the same diffraction range as pure PVDF, confirming the presence 

of PVDF in both materials. PVDF-G shows peaks at 17.7 °C and 18.2 °C. BM shows a 

peak at 18.9 °C. This indicates that PVDF is effectively incorporated into PVDF-G and 

BM samples. Surface energy analysis using both models reveals that adding PVDF to 

graphite reduces the polar component’s contribution while increasing the dispersive 

component’s contribution. According to both models, microwave treatment of PVDF-G 

increases the dispersive component’s contribution, with no significant changes in the polar 

component’s contribution. According to the vOCG model, microwave treatment 
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significantly increases the dispersive components’ contribution but less significantly 

increases the polar components’ contribution. In contrast, the OWRK model microwave 

treatment significantly decreases the dispersive components’ contribution and more 

significantly increases the polar components’ contribution.  

The recovery rate of graphite, PVDF-G, and PVDF-G-MW in the micro-flotation test is 

graphite <PVDF-G <PVDF-G-MW. This indicates that the presence of PVDF in graphite 

increases the graphite recovery, and microwave treatment can further enhance the flotation 

efficiency. With increasing microwave power and duration, the flotation recovery of 

PVDF-G increases, which suggests that 2 minutes of microwave time and 300-watt 

microwave power are enough for around 96% graphite recovery. With increasing 

microwave power, metal losses decrease while graphite recovery increases.  
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