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Abstract 

Comminution is an energy intensive process which consumes 30% to 70% of the energy used in 

mining. In the last few decades, thermal treatment of minerals has been researched with the goal 

of reducing the energy required in comminution. Microwave radiation has proven to reduce the 

energy required in this stage.  

It has been shown that microwave radiation improves the grindability and liberation of minerals 

due to the differential dielectric heating which leads to intergranular fractures. In addition, 

microwave radiation has been found to cause phase transformations at the grains of the minerals. 

This thesis investigates the effect of microwave irradiation on the downstream separation 

processes, namely flotation. The latter can help assess whether the positive effects the 

microwave irradiation has in the comminution stage will be detrimental or useful in the 

separation of valuable minerals from gangue minerals downstream. 

This thesis looks at the effect that microwave pre-treatment has on a common sulfide mineral: 

pyrite. Pyrite is typically a gangue (non-valuable) mineral that should be depressed during the 

flotation process; however, it reacts with reagents during flotation and can float with the valuable 

mineral. When exposed to microwave radiation, phase transformation is observed on the surface 

of the mineral which can alter the mineral’s surface chemistry, surface charge, magnetic 

susceptibility, and degree of hydrophobicity.  

Weakly paramagnetic pyrite became ferromagnetic after exposure to microwave treatment. It 

was also found that pyrite recovery in the presence of PAX decreased from pH 3-11 after 

exposure to microwave radiation. 
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Résumé 

Le broyage est un processus qui consomme 30% à 70% de l'énergie utilisée dans l'exploitation 

minière. Au cours des dernières décennies, le traitement thermique des minéraux a été étudié 

dans le but de réduire l'énergie nécessaire au broyage. L’irradiation par micro-onde peut réduire 

l’énergie requis dans cette étape. 

Il a été démontré que le rayonnement micro-ondes améliore le meulage et la libération de 

minéraux en raison du chauffage diélectrique différentiel qui cause des fractures intergranulaires. 

De plus, on a constaté que le rayonnement des micro-ondes suscite des transformations de phase 

sur les grains des minéraux. Cette thèse examine l'effet de l'irradiation des micro-ondes sur les 

processus de séparation subséquent, principalement la flottation. Cette compréhension peut aider 

à évaluer si les effets positifs qu'il a eu dans la phase de broyage seront préjudiciables ou utiles à 

la séparation des minéraux précieux des minéraux non précieux. 

Cette thèse examine l'effet que le prétraitement des micro-ondes a sur un minerai de sulfure 

commun: la pyrite. La pyrite est généralement un minéral non valable qui devrait être déprimé 

pendant le processus de flottation ; cependant, elle réagit avec les réactifs pendant la flottation et 

peut flotter avec le minéral précieux. Lorsqu'elle est exposée au rayonnement micro-ondes, une 

transformation de phase est observée à la surface du minéral qui peut altérer la chimie sur le 

surface du minéral, la charge de surface, la susceptibilité magnétique et le degré 

d'hydrophobicité. 

La pyrite qui était faiblement paramagnétique est devenue ferromagnétique après exposition au 

traitement par rayonnement micro-ondes. On a également constaté que la récupération de pyrite 

en présence de PAX a diminué de pH 3-11 après exposition au rayonnement hyperfréquence. 
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1 Introduction 

1.1 Introduction 

Mineral processing is the processing of ores to yield concentrated valuable products through two 

primary stages: comminution and concentration. In comminution, the mineral goes through the 

crushing and grinding stages to sufficiently decrease the particle size to achieve the liberation of 

the valuable mineral. In the concentration stage, the valuable mineral is separated and 

concentrated from the non-valuable (gangue) mineral. The objective of mineral processing is to 

separate the valuable mineral from the gangue mineral (2003). 

Liberation of valuable minerals from non-valuable mineral is the essential goal of comminution. 

As shown in Figure 1.1, this is achieved by fracturing the ore to produce smaller particles that 

are either completely liberated in the form of valuable minerals and non-valuable minerals 

(gangue) or middlings, which are partially liberated particles. This step enables the maximization 

of the liberation necessary to send the product to the downstream processes. 

 

Figure 1.1 Particle liberation schematic 
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Conventional comminution techniques have a high energy usage, consuming about 30-70% of 

the energy used in mining (Nadolski et al., 2014; Radziszewski, 2013). The bulk of the energy is 

used in fine grinding, which is the last stage in the comminution circuit (Napier-Munn, 2015). Of 

the 70%, only 1-2% of the energy is used for breakage (Fuerstenau and Abouzeid, 2002); 

consequently, this process is very inefficient. 

Literature suggests various ways to pre-treat the ore to facilitate the grinding process. Some of 

these include: hydraulic, ultrasonic, electrical, and microwave irradiation (Amankwah and Ofori-

Sarpong, 2011; Andres, 2010; Andres, 1977; Andriese et al., 2011; Gaete-Garretón et al., 2000; 

Leonelli and Mason, 2010; Parekh et al., 1984; Shi et al., 2013; Teipel et al., 2004; Wang et al., 

2012; Yerkovic et al., 1993). This thesis focuses on the microwave pre-treatment process.  

Figure 1.2 Improved liberation of chalcopyrite after exposure to microwave radiation 
(Kobusheshe, 2010) 
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Different minerals heat differently when exposed to microwave radiation. The heating causes 

thermal stress at the grain boundaries thus fracturing the material (Fitzgibbon and Veasey, 1990). 

Due to this, the grindability and liberation can be improved. Figure 1.2 demonstrates that there is 

an increase in liberation after chalcopyrite has been exposed to microwave radiation 

(Kobusheshe, 2010). However, phase transformation has also been observed at the grain 

boundaries of minerals. This change can have effects on downstream processes such as magnetic 

separation and froth flotation as seen in Figure 1.3 and Figure 1.4 (Vorster, 2001; Waters et al., 

2007).  The flotation recovery decreased after exposure to microwave, whereas the magnetic 

recovery increased suggesting a change had occurred on the surface of the mineral. 

 

Figure 1.3 Decreased flotation recovery after exposure to microwave radiation (Vorster, 2001) 
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1.2 Objective 

The goal of this thesis was to understand the effect on the surface characteristic of pyrite after 

pre-treating pyrite with microwave radiation. The following was investigated: 

• Temperature analysis was done to understand the effect of particle size, microwave 

power level, and microwave radiation exposure time 

• The surface speciation was examined using XPS to see if there were any formation of 

new phases 

• The magnetization was inspected using a vibrating sample magnetometer (VSM) to see 

understand the changes in the magnetic properties 

• The surface charge by measuring the zeta-potential since this could have an affect on 

floatability 

• Hydrophobicity was interpolated by conducting microflotation experiments 

Figure 1.4 Increased magnetic recovery after exposure to microwave radiation (Waters, 2007) 
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1.3 Structure of the thesis 

This thesis consists of 7 chapters. The outline of the individual chapters is as follows: 

Chapter 1: Introduction 

Information on the problems with the comminution process in presented. This is important to 

understand the reasons behind microwave radiation is being investigated. This leads to the 

research motivations and objectives. Followed by an overview of the thesis structure. 

Chapter 2: Mineral Processing 

Introduction to mineral processing. The goal of comminution; separation techniques used in 

mineral processing and how to measure the efficacity of these techniques. 

Chapter 3: Microwave 

Introduction into thermally assisted liberation. What microwave radiation consists of and the 

parameters that affect microwave heating of minerals. Demonstrates how microwave radiation 

can be used in mineral processing. 

Chapter 4: Physicochemical Properties of Minerals 

Background on the physicochemical techniques that were used in the project to better understand 

the results presented. 

Chapter 5: Methodology 

Background on properties of pyrite and PAX are presented in the materials. A detailed 

description of the experimental procedures used throughout this research. 

Chapter 6: Results 
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Results for the temperature analysis, surface characterization, magnetic properties, and 

microflotation were presented and discussed. 

Chapter 7: Conclusion 

The major conclusions of the thesis and suggestion for further research are presented in this 

chapter. 
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2 Mineral Processing 

2.1 Introduction 

Minerals and the products obtained from minerals have contributed to the industrialization of 

society and the advancements in technology that humans have become accustomed to. Coal is 

still one of the world’s largest energy source. Copper is used in electric wires, switches, heating, 

roofing, pharmaceutical machinery, and building constructions. Gold is used in dentistry, 

medicine, jewelry, electronic instruments, and in the electro-plating industry. Mica is used in 

electronic insulators, paint, welding rods, and as a dusting agent. Quartz is used in pressure 

gauges, resonators, heat-ray lamps, and glass. These are only a few examples of the use of 

minerals in everyday life. Consequently, the world could not run without minerals.  

It is important to distinguish the difference between minerals, rocks and ores. Minerals are 

chemical compounds that are normally crystalline and form due to geological processes (Nickel, 

1995). Rocks are compounds of minerals (Metso et al., 2015). Ores are rocks at high enough 

concentration of certain minerals that it can be extracted economically and legally. The ore can 

contain valuable minerals or non-valuable minerals (gangue). The extraction of minerals using 

physicochemical processes is known as mineral processing. It is the step that follows mining and 

prepares the ore for extraction of the valuable metal or to produce a commercial product.  

The objective of mineral processing is to separate the valuable mineral from the non-valuable 

mineral while producing maximum value from the raw material. This is achieved primarily in 

two stages: comminution and concentration (separation). In the comminution stage, the particle 

size is reduced to achieve liberation through crushing and grinding processes. In the 
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concentration stage, the valuable mineral is separated from the gangue mineral. This process is 

shown in Figure 2.1. 

 

2.2 Comminution 

 

Comminution refers to the mechanical breakage of rocks into smaller particles (Napier-Munn, 

1999; Vorster, 2001). The objective of this step is to break the ore into smaller sizes to “unlock” 

or “liberate” the valuable mineral from the gangue mineral and to increase the efficiency of the 

Figure 2.1 Simplified block flow diagram for mineral processing with the comminution steps 
highlighted in blue. Separation of minerals can be achieved through gravity separation, 
electrostatic separation, magnetic separation, or froth flotation (to name a few methods) 
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concentration stage. Comminution includes crushing units, tumbling mills, stirred mills, grinding 

units, as well as sizing processes (Napier-Munn, 1999; Vorster, 2001). Crushing reduces the 

particle size of the run-of-mine (ROM) ore in several stages to enable grinding to be carried out 

(Wills and Finch, 2016). Grinding is the most important operation for the liberation of the 

valuable mineral (Wills, 1990).  

Conventional comminution techniques have a high energy usage. It consumes about 30-70% of 

the energy used in mining (Nadolski et al., 2014; Radziszewski, 2013). The bulk of the energy is 

used in fine grinding; which is the last stage in the comminution circuit (Napier-Munn, 2015). Of 

this, only 1-2% of the energy is used for the breakage (Fuerstenau and Abouzeid, 2002; Vorster, 

2001). Thus, making comminution an energy inefficient process. Consequently, a reduction in 

the energy requirement for the milling process would lead to a great decrease in the operating 

cost. Thermally assisted liberation (TAL) is a possible solution to reduce the cost of 

comminution and the energy usage (Wills et al., 1987).  This will be discussed in greater detail in 

Chapter 3. 

2.3 Separation Techniques 

2.3.1 Gravity Separation  

Gravity separation utilizes the differences in the specific gravity of minerals to achieve 

separation. The particles respond mainly to the force of gravity, buoyancy, and fluid drag 

(Jordens, 2016; Wills and Finch, 2016). For the separation to be effective, there must be a 

pronounced difference in the density of the minerals being separated. The concentration criterion 

(Δρ) can gauge the possible separation that can be obtained: 

∆𝜌 = 𝜌ℎ−𝜌ℓ
𝜌𝑙−𝜌ℓ

                                                                                  (1) 
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Where ρh is the density of the heavy mineral, ρl is the density of the light mineral, and ρl is the 

density of the fluid medium (Wills and Finch, 2016). In general, if the concentration criterion is 

greater than 2.5, a good separation can be achieved (Jordens, 2016). In addition to the specific 

gravity of the mineral, the particle size can also affect the efficiency of the separation. The 

gravitational force will have a greater affect on larger particles; whereas, smaller particles will be 

dominated more by surface friction (Anon, 1980; Metso et al., 2015; Minerals, 2004). Particles 

greater than 500 µm will be ruled by Newton’s law and particles smaller than 50 µm will be 

rules by Stoke’s law (Jordens, 2016). 

2.3.2 Froth Flotation  

Flotation is a separation process that exploits the differences in the degrees of hydrophobicity, or 

water repulsion, of mineral particles (Waters, 2007; Wills and Finch, 2016). Flotation is a three-

phase system of solid, water, and air phases. The air bubbles pass through a pulp of mineral ore 

and water. Chemical variables control the hydrophilicity of the particle. Physical variables are 

results of the properties of the ore – particle size, composition, and liberation – and machine-

derived such as air rate and bubble size. Hydrophobic particles can attach to the air bubbles and 

float to the surface; whereas hydrophilic particles will remain in the pulp solution as shown in 

Figure 2.2 (Wencheng and Jianguo Yan, 2013).  

One of the important variables in flotation practice is the pH of the solution because the 

collection of valuable minerals varies over a pH range (Fan and Rowson, 2002; Henda et al., 

2005). Since froth flotation is a physicochemical process, it depends on complex phenomena that 

occur at the interface between mineral surfaces and air bubbles (Cheng et al., 2004). Therefore, 

any changes to the surface could induce considerable changes in the flotation performance.  

 



11 
 

2.3.2.1 Hydrophobicity 

The interaction between a solid mineral particle and an air bubble can be understood through the 

interfacial energies of each of the surfaces: solid-air (γs/a), water-air (γw/a), and solid-water (γs/w) 

as shown in Figure 2.3.  

Figure 2.2 Schematic of  froth flotation process for mineral separation (Wills and Finch, 2016) 

Figure 2.3 Schematic of the three interfacial energies and the contact angle between mineral 
surface and air bubble in flotation (Wills and Finch, 2016) 
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At equilibrium, the tensile force between the mineral surface and the bubble surface can be 

expressed as Equation 2, where θ is the contact angle between the mineral surface and the 

bubble. The contact angle indicates the extent of hydrophobicity of the mineral. For instance, 

mineral surfaces that are more hydrophobic will have a higher contact angle with water and a 

greater work of adhesion (Wills and Finch, 2016). Work of adhesion, Ws/a, is the force required 

to break the particle-bubble interface and is stated in Equation 3. When the two equations are 

combined, Equation 4 is obtained.  

𝛾𝑠/𝑎 = 𝛾𝑠/𝑤 + 𝛾𝑤/𝑎 cos 𝜃                (2) 

𝑊𝑠/𝑎 = 𝛾𝑤/𝑎 + 𝛾𝑠/𝑤 − 𝛾𝑠/𝑎                (3) 

𝑊𝑠/𝑎 = 𝛾𝑤/𝑎(1− cos 𝜃)                (4) 

2.3.2.2 Flotation Kinetics 

The first order rate equation is often used to describe the recovery of a given mineral in flotation 

as a function of time (Ahmed and Jameson, 1989; Feteris et al., 1987; Polat and Chander, 2000), 

as shown in Equation 5.  

𝑅 = 𝑅𝑚𝑎𝑚(1 − 𝑒−𝑘𝑘)                 (5) 

Where t is flotation time (min), k is the flotation rate constant (min-1) and Rmax is the maximum 

recovery achievable at t=∞. Comparison of flotation rate constants for different minerals is 

commonly used as a predictor for the possibility of a separation of two floatable components 

based on the kinetic rate of flotation recovery. 
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2.3.2.3 Reagents 

Reagents are often used in flotation processes to alter the hydrophobic nature of the mineral 

surfaces. The addition of the reagent can either: 

1) Increase the hydrophobic nature of the surface by adsorbing to the surface of the particle 

which is achieved through the addition of collectors. 

2) Increase the hydrophilicity on the particle surface which is achieved through the addition of 

depressants 

Frothers are surfactants of low solubility and surface tension that promote the stability of the 

froth phase and preserve the bubble size in flotation. They should not react with collectors or act 

as a collector (Waters, 2007). 

Many valuable mineral are naturally hydrophilic; as such, collectors are added to chemically 

alter the surface of the minerals by adsorbing to the selected mineral surface and partially 

covering it with a thin film that is water repellent. This modifies the mineral surface to become 

hydrophobic (Muzenda and Afolabi, 2010; Waters, 2007). 

Depressants prevent the flotation of certain minerals through one or a combination of the 

following mechanisms: adsorption of hydrophilic species, blocking of collector adsorption sites, 

or removal (desorption) of activating species, and/or removal of hydrophobic sites (Nagaraj and 

Ravishankar, 2007). 

2.3.3 Magnetic Separation 

Different minerals have different magnetic characteristics. They can be either ferromagnetic, 

paramagnetic or diamagnetic. This property can be used to separate minerals using different 

magnetic field intensities.  
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Magnetic separators are generally classified as either low intensity, high intensity machines, or 

high gradient. Low intensity separators are used to treat ferromagnetic materials and some 

paramagnetic materials. This is because ferromagnetic materials have a high susceptibility at low 

applied field strength (<0.3T) (Minniberger et al., 2014; Murariu and Svoboda, 2003). High 

intensity separators can effectively recover weakly paramagnetic minerals using an applied field 

strength greater than 2T (Svoboda, 1994). High intensity separation can treat a dry or slurry feed 

(Wills and Finch, 2016). High field gradient separators are used to separate paramagnetic 

minerals that have a low magnetic susceptibility and/or fine size (Svoboda, 2001).   

2.3.4 Electrostatic Separation 

Electrostatic separation utilizes the difference in mineral conductivity, contact potential, or 

dielectric constant to separate minerals (Eskibalci and Ozkan, 2012).  This method has limited 

applications in practice because of the required processing conditions — mainly that the feed 

needs to be perfectly dry. The most common electrostatic separator is the high-tension roll 

(HTR) separator as shown in Figure 2.4. A dry feed of particles is fed to the top of a rotating 

earthed roll. The particles then pass through a spray discharge ionizing electrode where the 

mineral acquires a surface charge. Once past the ionizing electrode’s field, strongly conductive 

minerals will quickly lose this charge to the earthed roll and will be thrown off the roll while 

weaker conducting minerals will maintain this charge and remain pinned to the roll. The weakly 

Figure 2.4 Operational schematic of an HTR separator (Wills and Finch, 2016) 
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conducting minerals are then removed from the roll using a brush (Jordens, 2016; Kelly and 

Spottiswood, 1989a, b; Wills and Finch, 2016). 

2.4 Measures of Separation 

It is not possible to have complete separation of the valuable minerals from the gangue minerals; 

however, grade and recovery can be used as measures of the separation performance or 

effectiveness. This measure is commonly applied to metals and not minerals. The recovery 

compares the quantity of valuable metal in the product to the valuable metal in the feed. The aim 

is to have as high of a recovery as is economically and technologically possible. Grade refers to 

the purity of the concentrate stream. It is the percent by mass of the metal in solid and it is 

dependent on the chemical composition of the metal.  

In general, as grade increases, recovery decreases Figure 2.5 shows a typical grade-recovery 

curve.  The trade-off is dependent on economic parameters. The optimum grade and recovery is 

primarily dependent on the plant design and operation, metal price, and smelter contracts. The 

optimum point is where the net return is maximized. 
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Figure 2.5 Typical grade-recovery curve 

3 Microwave Treatment of Minerals 

3.1 Thermally Assisted Liberation (TAL) 

Thermally assisted liberation is the process of cyclical heating and cooling rocks to promote 

intergranular fracture (as opposed to transgranular fracture) as shown in Figure 3.1, due to 

thermal stresses within the mineral lattice caused by the repeated expansion and contraction of 

the structure (Fitzgibbon and Veasey, 1990; Vorster, 2001). This in turn increases the liberation 

of valuable minerals (Fitzgibbon and Veasey, 1990). Many researchers reported that thermal pre-

treatment can weaken the grain boundaries; consequently, there is a reduction of fines in 

downstream processing, an increase in ore grinding, an increase in liberation, and a reduction in 

plant wear (King and Schneider, 1998; Veasey and Wills, 1991; Vorster, 2001; Walkiewicz et 

al., 1988; Walkiewicz et al., 1993; Walkiewicz et al., 1989). However, it would still be 

inefficient in terms of energy (Veasey, 1986; Veasey and Wills, 1991).  
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In conventional TAL, the entire ore is heated. In contrast, when an ore is heated in the 

microwave, the ore’s dielectric properties are used which causes specific mineral phases to 

respond at different rates (Vorster et al., 2001). This is explained in greater detail in Chapter 2.2. 

Güngör and Atalay wrote that “to create cracks and micro-fractures at the mineral grain, the ore 

must be composed of minerals which have different heating characteristics when they are 

exposed to microwave radiation” (Güngör and Atalay, 1998). Additional advantages of using 

microwave ssisted TAL are volumetric heating instead of surface absorption (which is the case 

with conventional heating), uniform heating, and high heating rates (Bonometti, 1998). 
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3.2 Microwaves 

Microwave radiation is part of the non-ionizing electromagnetic spectrum with frequencies 

ranging from 300 MHz to 300 GHz (Haque, 1999). In 1946, Percy Spencer noticed the heating 

effects of microwaves while working with a vacuum tube called a magnetron. The microwave is 

composed of four basic components: a power supply, a magnetron, an applicator or oven, and a 

waveguide to transport the microwave from the generator to the applicator as shown in Figure 

3.2 (Smith et al., 1984). Materials can be divided into three categories with respect to their 

A B 

Grain boundaries 

Grain 

Figure 3.1 Schematic of two types of fractures a) intergranular fracture b) 
transgranular fracture  
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behaviour when exposed to microwave radiation: conductors, insulators and absorbers as shown 

in Table 1  (Church et al., 1988).  

There are two main mechanisms responsible for the increase in temperature: ionic conduction 

and dipolar species rotation; there is a third mechanism called interfacial polarization which is a 

combination of the first two mechanisms (Kingston and Jassie, 1989). In ionic conduction the 

dissolved ions, oscillate when subjected to an electromagnetic field creating an electric current 

that faces resistances due to collisions with ions with neighbouring molecules or atoms; this 

causes an increase in temperature of the material (Metaxas, 1996). In dipolar rotation, the dipoles 

realign themselves by rotating with the electromagnetic field (Anwar et al., 2015). To achieve 

the thermal effect, the phase difference between the rotating dipoles and the electromagnetic 

field orientation causes molecular friction and collisions which causes the dielectric heating 

(Kappe et al., 2012). The heating depends on the ratio of the “loss factor” to the dielectric 

constant of the material. The dielectric constant is the measure of the ability of the material to 

delay the microwave energy as it passes through it (Haque, 1999). The “loss factor” is a measure 

of the loss of energy in a dielectric material through dissipative phenomena (Collin, 1966).  

 

Figure 3.2 Simplified Microwave Heating System 
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3.2.1 Factors Affecting Dielectric Heating 

Microwave heating depends on various factors including dielectric permittivity, conductive 

losses, temperature, sample geometry, field intensity, and the cavity design. There may also be 

interactions between the factors (Vorster, 2001). 

3.2.1.1 Dielectric Properties 

Permittivity of a material is a complex number with a real component (ε′, dielectric constant) and 

an imaginary component (ε″, termed dielectric loss factor). These two components are used to 

express the dielectric response of materials in electromagnetic fields. The dielectric constant is 

the ability a material has to store microwave energy. The loss factor is the ability a material has 

to dissipate the stored energy (Al-Harahsheh et al., 2009; Anwar et al., 2015; Metaxas et al., 

1988). Permittivity (ε*) is given by the following equation: 

ε* = ε′− jε″                  (6) 

Where j = √−1 . Alternatively, 

ε* = εo(ε′r−jε″eff)                 (7) 

Table 3-1 Interaction of Microwave Radiation with Different Materials 
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Where εo is the permittivity of free space (8.86×10−12F/m), ε′r is the relative dielectric constant, 

ε″eff is the effective relative dielectric loss factor. 

The amplitude of an electromagnetic wave decreases as it propagates into a dielectric material 

because the power is absorbed by the material. The field intensity and the associated power flux 

density decreases exponentially with distance from the surface when there is an absence of 

reflection. The rate of decay of the power dissipation is a function of relative permittivity and the 

loss factor. The penetration depth (DP, m) is defined as the distance from the material surface 

where the absorbed electric field falls to 1/e of the electric field at the surface. DP is given by 

(Church et al., 1988; Schiffmann, 1995): 

 𝐷𝑃 = 𝑐

2𝜋𝜋√2𝜀′��1+�
𝜀"𝑒𝑒𝑒
𝜀′𝑟

�
2
−1�

1/2               (8) 

The average power density Pd (volumetric absorption of electromagnetic energy W/m3) 

produced in a non-magnetic material when exposed to electromagnetic energy is defined as (Al-

Harahsheh et al., 2009): 

𝑃𝑑 = 2𝜋𝜋𝜀𝑜𝜀"𝑒𝜋𝜋𝐸2                 (9) 

where E is electric field strength inside the material (V/m). 

3.2.1.2 Temperature and Frequency 

The temperature of a material increases as the material absorbs microwave energy. The rate at 

which the temperature changes is given by: 

𝑑𝑑
𝑑𝑘

= 𝑃
𝐶𝜌

                (10) 

Where C is the specific heat in J/K-kg and 𝜌 is the density in kg/m3.  
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Materials can exhibit physical and chemical changes that alter the interaction of microwaves 

with the material which is why the variation of material dielectric properties with temperature is 

important (Meredith, 1998). In general, the variation of 𝜀′ and 𝜀′′ in material subjected to the 

microwave heating is related to the heating mechanism in the material (Atwater and Wheeler, 

2004). A temperature increase will increase both 𝜀′ and 𝜀′′ because the dipoles can flip faster 

because of a decrease in dielectric relaxation (Böttcher et al., 1974; Hall et al., 1998; 

Kobusheshe, 2010). Dielectric relaxation is the time it takes for dipoles to return to random 

orientation when the electric field is removed (Sebastian and Jantunen, 2008). For most 

materials, it is difficult to predict the variation of the dielectric properties with temperature. This 

is because as temperature changes the heating mechanism may also change. Consequently, the 

dielectric properties of materials are usually measured over a temperature range. Figure 3.3 and 

Figure 3.4 show the results of the variation of 𝜀′ and 𝜀′′ with temperature for minerals measures 

at 2.216 GHz (Cumbane, 2003; Kingman et al., 2004). It can be seen that galena and sphalerite 

show little variation with temperature; whereas, pyrite, chalcopyrite, and chalcocite show 

significant variation in the specific temperature range related to phase transformation, in the form 

Figure 3.3 Variation of dielectric constant with temperature for selected minerals (Kobusheshe, 2010) 
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of oxidation. 

 

3.2.1.3 Particle Size 

As noted in the previous section, different materials respond differently to dielectric heating. 

Several studies have demonstrated the effect of particle size on heating properties (Chanaa et al., 

1994; Kingman and Rowson, 1998; Walkiewicz et al., 1988). It has also been reported that 

particle size an was important, but not necessarily consistent, factor in the heating of granular 

material. Walkiewics and Chanaa found that finer particles respond better to microwave 

radiation than the larger particles. However, it was also observed that fine Al2O3 heated faster 

than coarse Al2O3, but coarse Fe3O4 heated faster than fine Fe3O4 (Standish et al., 1991). 

3.3 Use of Microwaves in Mineral Processing 

The effect of microwave radiation on enhancing mineral liberation has been extensively studied 

in recent years. The effect of microwave radiation on forty minerals was investigated by Chen et 

al. which showed the different heating capacities of the different minerals; some minerals heat 

faster than others (Chen et al., 1984; Walkiewicz et al., 1988). Thus, by changing the properties 

Figure 3.4 Variation of loss factor with temperature for selected minerals (Kobusheshe, 2010) 
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of minerals using microwave radiation could lead to better processing of ores. Microwave 

radiation could show benefits in comminution, magnetic separation, leaching, and froth flotation. 

Fractures produced at the grain boundaries of two or more minerals expand at different rates 

because of the differential heating. Consequently, the energy required to crush the ore and 

liberate the mineral grains is reduced when an ore is exposed to microwave radiation prior to 

comminution stage. In addition, increasing the power levels decrease the Bond Work Index 

(BMI) which means that less energy will be required to grind the ore (Marland et al., 2000; 

Sahyoun et al., 2004).  

Microwave heating can induce phase changes at the grain boundaries of minerals which can alter 

the magnetic properties of minerals (Koleini and Barani, 2012). Kingman et al. showed that 

some minerals such as chalcopyrite, hematite, and wolframite exhibit an increase in the magnetic 

susceptibility after being exposed to microwave radiation (Kingman et al., 2000). This increase 

in susceptibility has also been observed by Lovas et al. for tetrahedrite and by Znamenackova et 

al. for pyrite (Lovás et al., 2003; Znamenáčková et al., 2005), consequently leading to an 

increase in the effectiveness of magnetic separation. 

Microwave assisted leaching of copper, gold, nickel, cobalt, manganese, lead, and zinc were 

examined by Al-Harahsheh and Kingman. It was found that microwave pre-treatment improved 

the extraction efficiency of metals by reducing leaching time and increased the recovery of 

valuable metals (Al-Harahsheh and Kingman, 2004). Krishnan et al. investigated the effect of 

microwave irradiation on the leaching of zinc from sphalerite/pyrrhotite concentrate from India. 

It was observed that the zinc leaching was rapid, iron dissolution increased, and there was 

significant selectivity of zinc over iron (Krishnan et al., 2007).  
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The surface chemistry of the mineral has a great impact on the efficacity of froth flotation. 

Consequently, any alteration of the mineral surface due to exposure to microwave radiation will 

significantly influence the flotation process (Vorster et al., 2001). For example, sulfide minerals 

can undergo oxidation and phase changes on the surface of the mineral when exposed to an 

oxygen rich environment. This change on the surface can decrease the flotation recovery 

(Sahyoun et al., 2003). In contrast, ilmenite recovery increased after exposure to microwave 

radiation because the oxidation at the surface increased the adsorption of the oleate ions onto the 

ilmenite surface (Fan and Rowson, 2000, 2002).  
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4 Physicochemical Properties of Minerals 

The understanding of the physicochemical properties of minerals is essential for the efficient 

separation of valuable minerals from gangue during the concentration stage. 

4.1 Surface Chemistry 

Solid particles in an aqueous suspension will develop a surface charge and a surface potential 

due to factors such as surface group ionisation, preferential dissolution of ions, ion adsorption to 

the surface and isomorphous substitution in the mineral lattice (Jordens et al., 2014a; Riley, 

2009). These two aspects are important in the separation processes of mineral slurries. At the 

same pH and salt concentration, all pure particles of the same material will have the same surface 

charge in the suspension (Waters et al., 2008). Consequently, if the charges are strong enough to 

overcome the attractive Van der Waals forces, they will naturally repel each other. However, if 

the Van der Waal forces are dominant, then aggregation will occur which will lead to the 

particles settling.  

The DLVO theory (after Derjaguin, Landau, Verway, and Overbeek) looks at the balance 

between electrostatic repulsion forces (VR) due to the electrical double layer and Van der Waals 

attractive force  (VA) to explain why some colloidal systems coagulate while others do not 

(Sharma, 2016; Trefalt and Borkovec, 2014) as shown below:  

𝑉𝑑 = 𝑉𝑅 + 𝑉𝐴                   (11) 

𝑉𝑅 = 2𝜋𝜀𝜋𝜁2𝑒−𝜅𝜅               (12) 

Where D is the particle separation; a is the particle radius [m); π is the solvent permeability; κ is 

a function of the ionic composition; ζ is the zeta potential [mV]. 
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𝑉𝐴 = −𝐴
12𝜋𝜅2

                (13) 

Where A is the Hamaker constant. 

Figure 4.1 shows the total DLVO profile comparing the Van der Waals and double layer 

contributions. Van der Waals forces dictate the profiles at large and small distances while the 

double layer forces dominate the intermediate distances. The combination of these forces with 

the DLVO profile results in a deep attractive well known as the primary minimum. At larger 

distances, the energy profile goes then through a maximum, and subsequently passes through a 

shallow minimum where there is a high salt concentration, which is referred to as the secondary 

minimum (Riley, 2009; Sharma, 2016).  

4.1.1 Zeta Potential 

Figure 4.1 The change in free energy as a function of particle separation 
(Trefalt and Borkovec, 2014) 
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The surface charge of a particle in suspension can be difficult to measure directly, but it is 

possible to define a plane of shear where the counter ions are sufficiently attracted to the particle 

surface that they will move with the particle when the particle is set in motion (Jordens et al., 

2014b). The electrochemical potential decreases as a function of distance from the particle 

surface, and the potential that is measured at the plane of shear is referred to as the zeta potential 

(ζ) (Fuerstenau and Pradip, 2005; Riley, 2009). This is shown in Figure 4.2. 

The isoelectric point (IEP) is often used to characterize the electrical double layer as it allows the 

prediction of the sign of the charge on a surface in a given pH range (Pope and Sutton, 1973).  

The IEP is the pH at which the zeta potential is equal to zero. As the pH becomes more acidic, 

the zeta potential becomes more positive, and vice versa. This characteristic of the electrical 

double layer can provide important information about the mineral surface in flotation. 

Understanding the zeta potential of a mineral, the IEP, and the collector’s ionization behaviours 

at various pH in an aqueous condition allows one to predict the mechanism of collector 

Figure 4.2 Diffuse double layer of a mineral particle with the point of measurement of zeta 
potential 
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adsorption on the mineral surface (Chunpeng, 1993; Marion et al., 2015). This relationship can 

be seen in Figure 4.3. The two most common methods of determining the zeta potential are 

through electroacoustic and electrophoretic techniques.  

4.1.1.1 Electroacoustics 

When a high frequency AC field is applied to a colloidal solution, both the particles and the 

diffuse layer are set in motion. As the inertia of particles differs to that of the diffuse layer the 

velocity/field transfer function differs for the two components. This results in pressure waves. 

Taking the measurements of the sound, the zeta potential can be determined. This method can be 

used with optically dense systems (Hunter, 1998; O'Brian, 1988; Riley, 2009). 

Cationic Collector 

Anionic Collector 

Figure 4.3 (a) Flotation response of a mineral to two different collectors - anionic and cationic - 
as a function of pH (b) surface charge as a function of pH. 1 x 10-4 M NaCl is the background 
electrolyte to keep a constant ionic strength. (Wills and Finch, 2016) 

1 x 10-4 M NaCl 
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4.1.1.2 Electrophoretics 

Zeta potential measurements are obtained by determining the electrophoretic mobility, µ, of a 

particle in solution when an electric field is applied (Riley, 2009). This technique is known as 

electrophoresis. The electrophoretic mobility is correlated to either the Smoluchowski equation 

or the Hückel equation to obtain the zeta potential (Trefalt and Borkovec, 2014). Both the 

equations relate the zeta potential and electrophoretic mobility to the viscosity of the background 

electrolyte, ƞ, and to the electric permittivity of the medium, ε. Hückel equation is used for a 

large double layer relative to the particle size (Waters, 2007). Hückel’s equation is as shown 

below: 

𝜇 = 2𝜀𝜀
3𝜂

                (14) 

Smoluchowski equation is as shown below: 

𝜇 = 𝜀𝜀
𝜂

                 (15) 

4.2 Magnetism 

There are three main forms of magnetism for minerals: diamagnetism, paramagnetism, and 

ferromagnetism. Diamagnetic materials do not have any unpaired electrons. When a magnetic 

field is applied to the material, a magnetic moment can be induced. In the material, the direction 

of the magnetic moment is opposite that of the magnetic; consequently, the magnetic effect is 

cancelled out (Premaratne, 2004). Examples of diamagnetic materials are quartz and calcite. 

Paramagnetic materials have a magnetic dipole moment because the magnetic effect does not 

cancel out. The dipoles align with the applied field, creating magnetisation. However, the 

alignment is not perfect because there are thermal vibrations within the solid atoms caused by the 

change in temperature (Barani et al., 2011; Bluhm et al., 1986). Materials that are ferromagnetic 
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have one of two characteristics. First, the materials have perfect alignment of the magnetic 

dipoles with the applied field. There are five known ferromagnetic elements at room 

temperature: iron, cobalt, nickel, gadolinium, and dysprosium. In the elements, the adjacent 

atoms couple their magnetic moments in parallel causing an exchange coupling. This coupling 

disappears when the element is heated to a temperature above the Curie Temperature (Tc) and the 

material becomes paramagnetic (Andriese et al., 2011; Barani et al., 2011; Uslu et al., 2003). 

Second, the material has magnetic memory known as remanence which is the residual 

magnetisation after the applied field has been turned off. When a reverse magnetic field is 

applied, the magnetisation can be reduced to zero. This is known as the coercivity (Barani et al., 

2011; Premaratne, 2004; Uslu et al., 2003; Waters, 2007; Waters et al., 2007; Waters et al., 

2008).  

4.2.1 Magnetic Moment 

The magnetic moment of a sample can be obtained using a vibrating sample magnetometer 

(VSM). The magnetic moment is a vector quantity that lines up with the external magnetic field 

to determine the torque. 

4.2.2 Magnetisation   

The magnetic moment is measured and converted to magnetisation: 

𝑀 = 𝜇
𝑉
                 (16) 

Where M is the magnetisation (A/m), µ is the magnetic moment (Am2), and V is the volume of 

the sample (m3). Paramagnetic samples will have a linear relationship whereas ferromagnetic 

samples will initially increase, then level off at the saturation magnetisation (MS). Figure 4.4 

illustrates a theoretical hysteresis loop. Increasing the field strength to above the saturation point 
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would produce a recovery that is relatively lower when considering the higher energy 

consumption.  

The magnetic behaviour of a material is usually shown by a hysteresis loop which plots the 

variation of the magnetisation (M) with the applied magnetic field intensity (H) (Barani et al., 

2011). As shown in Figure 4.4, the magnetisation of ferromagnetic samples reach a saturation 

point called the saturation magnetisation (Ms) where the magnetisation is constant with 

increasing field strength. If the magnetic field is reduced, the relationship will follow a different 

curve towards zero field strength at which point it will be offset from the original curve by an 

amount called the remanence magnetism (Mr) (Robert and Handley, 2000). When the 

magnetization is completely removed, coercivity is obtained (Hc). Paramagnetic materials have a 

Figure 4.4 Magnetization of different magnetic materials 
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linear relationship between the magnetisation and the field strength (Znamenáčková et al., 2005).   

 

4.2.3 Magnetic Susceptibility 

susceptibility is a dimensionless parameter that indicates whether a material is attracted to or 

repelled by the applied magnetic field. It is the ratio of magnetisation (M) to the applied 

magnetic field intensity (H) (Wills and Finch, 2016): 

𝜒 = 𝑀
𝐻

                 (17) 

Diamagnetic materials have a constant negative magnetic susceptibility; whereas paramagnetic 

materials have a positive magnetic susceptibility. The magnetic susceptibility of ferromagnetic 

materials depend on the magnetic field. This is shown in Figure 4.5. 

4.2.4 Vibrating Sample Magnetometer (VSM) 

The magnetic moment of a sample can be determined by a vibrating sample magnetometer 

(VSM) which was invented by Simon Foner (Foner, 1956). The main components of the VSM 

are the vibrating rod and the detection coil. The detection coil is attached to the poles of the 

Figure 4.5 Magnetic susceptibility versus field strength for a diamagnetic, paramagnetic, and 
ferromagnetic material 
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electromagnet. As the sample vibrates, the field lines generated by the sample cut through the 

detection coil. The magnetic moment is then measured. A schematic of the VSM is illustrated in 

Error! Reference source not found.. 

 

 

  

Figure 4.6 Schematic of a vibrating sample magnetometer 
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5 Methodology 

5.1 Introduction 

This chapter is about the methodologies that were used throughout the experimental processes. 

Figure 5.1 illustrates the experimental steps. 

 

5.2 Materials 

5.2.1 Pyrite 

Pyrite is a weakly paramagnetic mineral that has a cubic crystal structure where cation and anion 

sites are replaced with Fe2+ ions and S2
2−. Each S atom is coordinated to three Fe atoms and one 

Mineral 
purification Particle sizing 

Untreated Pyrite 

Surface 
characterization 

Magnetic 
Characterization Microflotation 

No Collectector With PAX 

Microwave 
Treated Pyrite 

Surface 
characterization 

Magnetic 
Characterization Microflotation 

No Collectector With PAX 

Figure 5.1 Experimental Steps 
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S atom. Fe is octahedrally surrounded by six S atoms. It has 2 types of bonds that are 

predominantly covalent: the Fe-S and the S-S bonds (Nesbitt et al., 1998).  

It has been reported that sulfides follow the order below for spontaneous oxidation (Sutherland 

and Wark, 1955): 

FeAsS > FeS2 > CuFeS2 > ZnS > PbS > Cu2S 

It is clear that pyrite tends to oxidize readily in air. It has been reported that pyrite is in an 

electrochemically passive state when exposed to air (Majima, 1971). A film forms at the surface 

which may be absorbed oxygen or oxygen -sulfur compound (Dimou, 1986; Majima, 1971). In 

an aqueous solution, the products of oxidation in acidic pH range are Fe2+, H+, and SO4-. 

Elemental sulfur can also be present in the pyrite system at very low pH ranges (Majima, 1971). 

Suzuki reported that a single grain of pyrite can have a mosaic of anodic and cathodic areas 

(Suzuki, 1967).  

The preparation procedures prior to the separation stage also have a significant effect on the 

surface of pyrite. Haradat noted that the type of grinding had serious effects on the flotation 

recovery of pyrite (Dimou, 1986). 

Pure pyrite sample was purchased from Wards Scientific (USA). The sample was kept in a 

freezer to decelerate the oxidation process due to contact with air. 

5.2.2 Potassium Amyl Xanthate (Collector) 

Xanthates are a product of alcohols, carbons disulfide and sodium or potassium hydroxide as 

shown in the reaction below (Bulatovic, 2010): 

ROH + CS2 +K(Na)OH  ROCS2K(Na) + H2O 
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The stability of xanthate in an aqueous solution depends on the solution pH, the carbon chain 

length, and the concentration of xanthate (Fuerstenau, 1982). Xanthates decomposing rate 

decreases with increasing pH with the slowest being from pH 8 to 12. It is a first order reaction 

with respect to the concentration of xanthate (Granville et al., 1972). In the acidic region, 

xanthate hydrolyses and forms ethyl xanthic acid (HEX) and alcohol (ROH) (Dimou, 1986). In 

the alkaline region, xanthate ions decompose very slowly; consequently, they are more stable 

during flotation (Harris, 1984). Oxygen and heavy metal ions such as Fe3+ and Cu2+ can 

oxidize xanthate ions and produce dimer dixanthogen (Fuerstenau, 1982). 

Xanthate acts as a sulfide collector by rendering the surface hydrophobic; consequently, floating 

the mineral. It has been determined through radiometric techniques that dixanthogen species 

absorb on the surface of pyrite (Fuerstenau et al., 1968; Gaudin et al., 1956).  

The role of adsorption of xanthates of differing carbon chain length on pyrite was studied, and it 

was observed that the adsorption increased with the carbon chain length (Fuerstenau, 1982). It 

was also observed that up to pH 8 there is adsorption of the short chain xanthates. Moreover, it 

was found that the longer chain xanthates have a stronger interaction with the surface of pyrite 

(Dimou, 1986). Thus, potassium amyl xanthate (PAX) was chosen as the collector. 

The concentration used also affects the adsorption onto the surface of pyrite (Ball and Rickard, 

1976). A ten fold increase in the hydroxyl ion concentration was observed for a constant 

adsorption density which required a similar increase in collector concentration (Gaudin et al., 

1956). Thus, a stronger interaction between pyrite and xanthate can be observed with an increase 

in xanthate concentration. 
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PAX was obtained from Prospect Chemicals (Canada), and used as a collector. PAX solution 

were prepared by dissolving the solids in deionized water. Potassium hydroxide and nitric acid 

were purchased from Fisher Scientific (USA) for use as pH modifiers (0.1 M to 1.0 M).  

5.3 Sample Preparation 

Pyrite obtained for this work was analysed using XRD to determine the mineralogical 

composition. The sample was found to be 73% pure with the major gangue mineral identified as 

calcite. 

5.3.1 Mineral Purification 

Based on the magnetic properties of the gangue minerals found in the pyrite sample, a Frantz 

Isodynamic Separator (Frantz, USA) was used to separate the various mineral phases based on 

their magnetic properties. The sample was stage pulverized then wet screened to remove 

particles less than 25 µm. The resultant size range of 38 µm to 425 µm was obtained. The 

various size fractions were passed through the Frantz Isodynamic Separator at a forward slope of 

27.6o and a side slope of 15.1o to remove the unwanted ferromagnetic and diamagnetic minerals. 

The sample was processed at 0.12A. 

The density of pyrite is 5.05 g/cm3 and the density of calcite is 2.71 g/cm3; therefore, a ratio of 

1.85:1 for calcite:pyrite. Consequently, a laboratory Mozley Mineral Separator was used to 

separate the minerals with a low water flow rate. The light mineral was discarded. The heavy 

mineral was filtered, air dried on a pan. The product was then separated again by elutriation 

where water was used as the counter flow liquid. The calcite particles and pyrite fines went to the 

overflow and were discarded. The resulting sample was then sieved and separated in four particle 

size ranges: 212-425 µm, 75-212 µm, 38-75 µm, and 38-425 µm.  
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The purified pyrite was analysed using XRD. Rietveld analysis was conducted on the samples 

which showed >88% pure pyrite which was used for the remainder of the experimentations. 

5.4 Microwave Treatment 

The pyrite sample was crushed and ground to four particle size ranges: 38 to 75 µm, 75 to 212 

µm, 212 to 425 µm, and 38 to 425 µm. In an alumina crucible, 20 g of pyrite sample was treated 

in a microwave oven at three different power levels – 0.8 kW (Panasonic High Power), 1.25 kW 

(Danby Design), and 3 kW (Amana Commercial RC30S) – at exposure times of 0s, 5s, 10s, 15s, 

and 30s. The sample was placed in the middle of the microwave oven. Once the treatment was 

completed, the hot crucible was removed using tongs. The bulk temperature of the microwave 

treated sample was measured by inserting a thermocouple into the hot material immediately after 

turning off the microwave power. 

5.5 Surface Characterization techniques 

5.5.1 X-Ray Diffraction (XRD) 

X-ray powder diffraction is a rapid analytical technique primarily used for phase identification of 

a crystalline material. The analysed material was finely ground, homogenized, and the average 

bulk composition was determined. Bruker D8 Discovery X-Ray Diffractometer (USA) equipped 

with a copper tube as the x-ray generating source was used. Xpert High Score software was used 

to identify the peaks and the mineral phases present in the pyrite. 

5.5.2 X-Ray Photon Spectrometer (XPS) 

X-ray photoelectron spectroscopy is a surface chemical analysis technique that can be used to 

analyze the surface chemistry of pyrite. It is a surface-sensitive spectroscopic technique. XPS 

measurements were performed using K-Alpha surface analysis system (Thermo Scientific) with 
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an AlKα X-ray source (1489.6 eV), applying a 400 µm diameter beam spot. To avoid charging 

on the surface, a flood gun was used to shoot the samples with low energy electrons during the 

experiments. The collected data was processed using Avantage Data Processing software 

(Thermo Fisher Scientific). The binding energy was calibrated using the background 

hydrocarbon C 1s binding energy of 284.8 eV; no binding energy correction was necessary for 

this study. The samples were dried in a vacuum oven before being transferred into the XPS 

analysis chamber. 

5.5.3 Scanning Electron Microscope (SEM) 

The surface topography and composition of the pyrite sample after microwave treatment were 

analysed with SEM Hitachi SU-3500 (Hitachi High-Technologies Corporation, Canada) 

equipped with EDS for micro detection of elements and crystal orientation.  The surface maps 

were acquired at an accelerating voltage of 15 kV.  

5.5.4 Vibrating Sample Magnetometer (VSM) 

The vibrating sample magnetometer (VSM) measurements in this work were conducted using a 

LakeShore 7300 series VSM. All mineral samples were analysed intact. To conduct the 

measurements 50-100 mg of powdered sample was placed into the cylindrical VSM sample 

holder and attached to the end of an oscillating rod. The sample sits in the middle of four pick-up 

coils and a hall probe. The rod oscillates about this point as a magnetic field is applied to the 

sample to create a full hysteresis loop between +2 T and -2 T. Measurements are taken every 0.1 

T. The magnetic moment as a function of magnetic induction is measured. Measurements of the 

empty sample holder were also conducted to ensure that any magnetic contribution of the sample 

holder may be subtracted from the sample data. The measured magnetic moment data as a 

function of magnetic field was converted into magnetisation. This was done by dividing by the 
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sample volume determined using theoretical density of pyrite (5020 mg/cc). The magnetic 

induction values are converted into magnetic field strength by dividing by the constant of 

permeability of free space, 4π x 10-7 V s / A m.  

5.5.5 Zeta Potential 

Electrophoretic light scattering (ELS) zeta potential measurements were obtained using a 

NanoBrook 90Plus Zeta Particle Size Analyzer (Brookhaven Instruments, USA). There are many 

different types of contaminants that can ruin sample preparation such as dust. Improper sample 

preparation can lead to poor results due to the sensitivity of the instrument. Pyrite was ground to 

a particle size of smaller than 38µm and treated in a 3kW microwave oven for 0 seconds, 15 

seconds and 30 seconds. Deionized water was used to clean all the beakers, electrodes, bottles, 

cuvettes, and syringe. A 20 mL bottle was filled with the electrolyte solution 10-2 M KNO3. A 

small amount of fine pyrite was added to the 20 mL electrolyte solution. The bottle was gently 

rocked to ensure that the pyrite was suspended in the solution. Finally, the sample cuvette was 

prepared for analysis. The cuvette was filled with the suspended pyrite solution and capped. The 

cuvette was then rocked back and forth to dislodge any dust attached to the interior of the cuvette 

and cap. The cuvette was then emptied to waste. This was done to avoid a dust laden surface. In 

the now empty cuvette, the pyrite solution was poured once more. Place the cuvette into the 

instrument and wait till sample equilibrium since variations in temperature can yield poor results. 

Zeta potential measurements were carried out from pH 3 to 11. At each new pH level, the 

suspension was allowed to equilibrate for 5 min. The suspension was also conditioned for 5 min. 

after the addition of the collector. In addition, new suspensions were made for titrations from 

natural pH to the acidic and basic regions. Five replicates were done for each pH. The 

background electrolyte used was 10-2 M KNO3. 
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5.6 Microflotation 

Flotation was conducted through microflotation experiments using a modified Hallimond tube 

(34.6 cm in height, 3.3 cm outer diameter and 2.6 cm inner diameter) as shown in Figure 5.2. 

5.6.1 Single Mineral 

The samples (1 g for each test) were conditioned with reverse osmosis water for 5 min. The 

suspension was then transferred to the microflotation cell and the volume was adjusted to 170 

mL. During the microflotation tests, constant stirring was maintained by use of a magnetic stirrer 

to keep the particles in suspension. High purity nitrogen was used as the flotation gas at a flow 

rate of 40 mL/min to prevent any further oxidation while flotation tests were being conducted, 

and the recovered material was collected for one min after the first bubbles arrived at the surface 

of the suspension. The concentrate was collected from the top and the tailings were collected 

from the bottom. The microflotation experiments were run five times for each condition. 

Figure 5.2 Schematic of the Modified Hallimond Tube (a) the process (b) parts 
 

A B 



43 
 

5.6.1.1 Single Mineral with collector 

PAX was dissolved in deionized water and diluted to the desired concentration, ranging from 0-

10-4 M. The mineral samples (1 g for each test) were conditioned with 30 mL of PAX for 5 min. 

The suspension was then transferred to the microflotation cell and the volume was adjusted to 

170 mL. During the microflotation tests, constant stirring was maintained by use of a magnetic 

stirrer to keep the particles in suspension. High purity nitrogen was used as the flotation gas at a 

flow rate of 40 mL/min to prevent any further oxidation while flotation tests were being 

conducted, and the recovered material was collected for one min after the first bubbles arrived at 

the surface of the suspension. The concentrate was collected from the top and the tail was 

collected from the bottom. The microflotation experiments were run five times for each 

condition. 
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6 Results 

6.1 Temperature Analysis 

Microwave heating characteristics of different size fractions of pyrite sample were determined at 

power levels of 0.8 kW, 1.25 kW, and 3.0 kW. The results are shown in Figure 6.1-Figure 6.3 as 

the bulk temperature of the sample after microwave irradiation duration of 5, 10, 15, 30, and 60 

seconds.  

As the figures show, the maximum temperature attained increased with increasing power and 

exposure time; however, the particle size did not affect the bulk temperature of the sample. The 

maximum bulk temperature of 531oC was observed at 3 kW with an exposure time of 60s. 

However, at this parameter, arcing was observed and some particles had fused together. Uslu and 

Atalay observed that the heating rate and the maximum attained temperature of pyrite samples 

increased with increasing power levels in decreasing particle size (Uslu and Atalay, 2003, 2004). 

They also observed that the maximum attained temperature and heating rate were lower in 

heatings under nitrogen instead of air because it hindered the contact of pyrite with oxygen in the 

air (Kelly and Rowson, 1995; Uslu et al., 2003).  Wu observed that 10-20% presence of larger 

particles in the magnetic powder does not affect the overall microwave performance 

significantly; however, a large percentage causes a drastic decrease in permeability (Wu et al., 

2005). Standish reported that particle size is an important but not consistent factor in the heating 

of granular material, for instance, fine Al2O3 heated faster than coarse Al2O3 but coarse Fe3O4 

heated faster than fine Fe3O4 (Standish and Worner, 1990; Standish et al., 1990; Standish et al., 

1991). Since there is little dependence on the particle size, the particle size range of -425+38 µm 

was used going forward.   
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Microwave absorption leads to an increase in temperature as observed in Figure 6.1 due to 

frictional heating caused by dipolar species rotation or by migration of ionic species. The heating 

of materials depends greatly on the ratio of the loss factor of materials to the dielectric constant. 

Materials with a high loss factor being easily heated by microwave energy. Pyrite can be heated 

relatively rapidly due to its associated high dielectric constant (Chatterjee and Misra, 1991; 

Marland et al., 2001) 
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Figure 6.1 The effect of particle size on the bulk temperature of pyrite sample treated in a 
3kW microwave oven for 10s. 
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6.2 Surface Characterization 

6.2.1 XRD 

XRD analysis of the untreated pyrite showed some calcite peaks present. A Rietveld analysis 

showed that the samples was >88% pure pyrite After exposure to microwave radiation, the XRD 
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Figure 6.2 The effect of power level on the bulk temperature of -425+38 micrometer pyrite sample 
treated for 15s. 
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Figure 6.3 The effect of exposure time on the bulk temperature of -425+38 micrometer pyrite 
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showed slight changes but nothing to definitively state the nature of the new phases being 

present. Figure 6.4 shows the XRD for untreated pyrite and the pyrite exposed to 3 kW 

microwave radiation for 5, 10, and 15s in the range of 20 to 120o for 2θ. It can be seen in Figure 

6.4 that while the height of the peaks changes with treatment. This is because the intensity of the 

diffraction peaks is determined by the arrangement of atoms in the entire crystal which could 

indicate some form of phase transformation. The position of the peaks remains the same and the 

position of any new peaks cannot be accurately identified. This can be because the changes are 

below the threshold of the XRD sensitivity which is approximately 5% of the sample volume. 

The lack of observable phase changes in XRD after microwave treatment was also observed by 

other authors (Sahyoun et al., 2003).  

To understand the phase transformations and oxidation on the surface of pyrite after exposure to 

microwave radiation, other methods were employed such as X-ray photoelectron spectroscopy 

and scanning electron microscopy (Fandrich et al., 2007; Irannajad et al., 2014; Watts et al., 

2003). 

6.2.2 XPS 

To determine if new phases were generated, the broadband spectrum of pyrite was examined to 

identify the elements that are present. 

The binding energies that are identifiers of pyrite in the sulfur spectra are located at 162 eV as 

can be seen in Figure 6.5 (Naveau et al., 2006). This is also characteristic of elemental sulfur and 

oxidized surfur (Laajalehto et al., 1999). The peak at approximately 168 eV indicates the 

presence of sulfoxy species such as sulfate and thiosulfate (He et al., 2005). The surface 

oxidation does not change much the proportion of sulfide in similar environments (Fairthorne et 

al., 1997).  
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In the iron spectra in Figure 6.4, the dominant peak is at 707 eV which is recognised as pyritic 

iron (Weisener and Gerson, 2000b). There is an emerging peak between 708 eV and 715 eV 

which can be attributed to ferric oxide or hydroxide (Weisener and Gerson, 2000a). 

The binding energies of O 1s, S 2p, and Fe 2p components of XPS of the sample surfaces before 

and after different exposure times in a 3 kW microwave is shown in Figure 6.6. The oxygen 

components resulting from the oxidation of the mineral surface is observed in all the treated 

samples. A peak at 532 eV emerges for the treated sample. This peak is primarily due to sulfate, 

hydroxide, and sulfoxy species that are a result of oxidation on the surface of the mineral 

(Boulton et al., 2003; Deng et al., 2013). The peak at 530 eV is characteristic of FeOOH or oxide 

type oxygen (Fairthorne et al., 1997; Szargan et al., 1992).  
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Figure 6.4 Iron spectrum of microwave treated pyrite and untreated pyrite from XPS showing 
the iron phases present 
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Figure 6.5 Sulfur spectrum of microwave treated pyrite and untreated pyrite from XPS showing the 
different sulfur phases present 

Figure 6.6 Oxygen spectrum of microwave treated pyrite and untreated pyrite from XPS 
showing the oxygen phases present 
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6.2.3 SEM 

To better understand the new phases that formed, SEM images of the treated pyrite surface were 

as shown in Figure 6.9. It can be seen in left image of Figure 6.7 that after treatment for 30s in a 

3 kW microwave, some pyrite particles have turned darker on the surface. This could indicate a 

phase change. In the right image of Figure 6.7 the cross section of the treated sample was seen 

through an optical microscope. It can be seen that the boundaries of the particles are darker 

because the only surface of the particle was primarily transformed. This is in agreement with 

Vorster who observed that oxidation occurred along the grain boundaries as can be seen in 

Figure 6.8 (Vorster, 2001).     

 

 

Figure 6.7 Left - SEM image of pyrite exposed to microwave radiation for 30s at a power level of 
3 kW. Right - Optical microscope image of the cross section of pyrite grains after exposure to 
microwave radiation for 30s at a power level of 3 kW 
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Figure 6.9 shows an SEM image with EDS of pyrite treated for 10s in a 3 kW microwave oven. 

The surface does not seem to have gone through any phase changes; however, when looking at 

the surface phase compositions, it can be seen that oxidation has taken place. There are three 

different Fe-S phases of 75%, 11%, and 10%. There is also a 4% SFeO phase.  

Figure 6.8 SEM image of a partial decomposition of a pyrite grain after ore was exposed to 
microwave radiation (Vorster, 2001) 
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Figure 6.9 SEM image with EDS with the phase maps of a pyrite sample exposed to microwave 
radiation for 10s at a power level of 3 kW 

6.3 Magnetic Properties 

The magnetization was investigated for 3 different particle size ranges: -425+212 µm, -212+75 

µm, and -75+38 µm. The treated sample was exposed to a 3kW microwave oven for 10s. 

The untreated pyrite has a positive linear trend for all particle size ranges. This is characteristic 

of a paramagnetic mineral. The maximum magnetic susceptibity for untreated pyrite was 1x10-5 

which occurs for the coarsest particle size range. The curves for the untreated pyrite show slight 

hysteresis; however, the hysteresis is not significant but it indicates a degree of ferromagnetism 

in the sample. Pyrite has been reported as a diamagnetic or weakly paramagnetic mineral 

(Ramaseshan, 1947; Rowson and Rice, 1990). This in agreement with the magnetisation results 

shown in Figure 6.10-Figure 6.12; which show a weakly paramagnetic trend for the untreated 

pyrite samples.  
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After exposure to microwave radiation, the magnetization curve for pyrite is similar to that of a 

ferromagnetic material with a saturation of magnetization at 0.2 kA/m regardless of particle size 

range as seen in Figure 6.10-Figure 6.12. The magnetic susceptibility of the paramagnetic 

component was of the treated pyrite with the particle size range of -425+212 µm is 7x10-5, for 

the particle size range of -212+75 µm is 6x10-5, and for the particle size range of -75+38 µm is 

5x10-5. This is in agreement  with the range of magnetic susceptibility of pyrite, 3.5x10-5 ≤ χ ≥ 

500x10-5 (Hunt et al., 1995). Table 6.1 shows the ratio of ferromagnetic components of the 

treated pyrite using literature values for the saturation magnetization (Hunt et al., 1995). The 

increase in magnetization of the treated pyrite would suggest that magnetic separation could be a 

viable option for separating pyrite from other paramagnetic valuable minerals.  

Table 6-1: Untreated and treated pyrite ferromagnetic components using literature data 

Material 
Saturation 

Magnetisation 
(kA/m) 

Untreated 
Pyrite  

Treated 
Pyrite  

Untreated 
Pyrite  

Treated 
Pyrite  

Untreated 
Pyrite  

Treated 
Pyrite  

(-425+212) (-425+212) (-212+75) (-212+75) (-75+38) (-75+38) 

Iron 1710 0 0.01 0 0.01 0 0.01 
Hematite 2.1 1.26 5.17 0.95 5.63 0 7.22 

Magnetite 471 0.01 0.02 0 0.03 0 0.03 

Maghemite 367.5 0.01 0.03 0.01 0.03 0 0.04 

Pyrrhotite 92.4 0.03 0.12 0.02 0.13 0 0.16 
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Figure 6.10 VSM results for -425+212 µm pyrite exposed to microwave radiation for 10s at a 3kW power 
level.  

Figure 6.12 VSM results for -75+38 µm pyrite sample exposed to microwave radiation for 10s at 3kW power 
level 
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6.4 Zeta Potential 

Zeta potential measurements have been used to study the interaction of untreated pyrite and 

treated pyrite at pH 3 to 11 in the presence and absence of a sulfide collector.  

Figure 6.13 shows the surface charge of untreated pyrite and pyrite treated for 15 and 30 s 

without the use of a collector. As can be seen, untreated pyrite displays a negative zeta potential 

at all pH values.  There is a shift in the zeta potential curve to a more positive value after the 

microwave treatment at the lower pH values. It can also be seen that at acidic pH, the zeta 

potential is positive for the pyrite exposed to microwave radiation for 30s and it becomes 

negative at a more basic pH measurement. The zeta potential of non-oxidized sulfide minerals is 

negative and is comparable to sulfide minerals with a sulfur rich surface (Fornasiero et al., 1992; 

Fullston et al., 1999). The IEP of non-oxidised sulfide minerals such as pyrite, sphalerite, 

chalcopyrite and galena is similar to that of elemental sulfur and has been found at pH values 

between 1 and 2 (Chander, 1991; Fornasiero et al., 1994; Healy and Moignard, 1976). From the 

general trend observed for zeta potential changes with pH it can be concluded that the mineral 

surface for untreated pyrite is covered with sulfur bearing species which became positively 

charged through oxidation and react similarly to metal oxides (Ralston, 1991). 

Upon oxidation (after pyrite has been exposed to microwave radiation) the mineral surface 

becomes increasingly covered with metal oxide/hydroxide species and the zeta potential versus 

pH curves become less negative and even positive in the case of pyrite exposed for 30s, which is 

consistent with literature for sulfide minerals (Fairthorne et al., 1997; King, 1982; Witika and 

Dobias, 1993). The IEP value is a good indication of the extent of the surface that is covered 

with metal oxide or hydroxide species from surface oxidation; for instance, a low IEP value 

indicates that the surface is lightly oxidized and an IEP value close to the corresponding metal 
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oxide/hydroxide indicates that the surface is heavily oxidized (Healy and Moignard, 1976). A 

sign reversal of zeta potential is observed for pyrite treated for 30s in a 3 kW microwave with an 

IEP value of 7.9 which is close to the IEP of iron oxides which range from a pH of 6.0-8.3 

(Parks, 1965). This indicates that the surface of the pyrite exposed for 30s to microwave 

radiation is heavily oxidised.  

The zeta potential measurements of pyrite after conditioning with potassium amyl xanthate 

(PAX) is shown in Figure 6.14. It can be seen that adsorption of PAX further decreases the 

charge on the surface of pyrite. This is because PAX is an anionic collector so the negatively 

charged xanthate ions are attracted to the positively charged surface at in the acidic pH range. 

The adsorption of xanthate on most sulfide minerals is an electrochemical mechanism involving 

chemisorption, ion exchange or oxidation. This electrochemical mechanism occurs specially in 

reducing or slightly oxidising conditions. This is because the oxidized surface delay or prevent 

the electron transfer across the mineral-solution interface (Monte et al., 2002). The ferric and 

ferrous ions from the oxidation products are also involved in the reaction of xanthate adsorption 

on the pyrite surface (Jiang et al., 1998). It has been reported that even a modest degree of 

oxidation of pyrite surface will produce a pyrite surface that behaves like an iron oxide 

(Fuerstenau et al., 1988; Woods and Richardson, 1992). The addition of PAX causes the zeta 

potential to become more negative in the whole pH range where no point of zero charge is 

observed. Similar behaviour has been reported by Fuerstenau, Mishra, and Cases (Cases et al., 

1990; Jiang et al., 1998; Wang and Forssberg, 1991).  
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Figure 6.13 Zeta potential of collectorless untreated pyrite and pyrite treated in a 3 kW 
microwave oven for 15s and 30s with a 95% confidence interval. 

                  

Figure 6.14 Zeta potential using PAX as a collector of untreated pyrite and pyrite treated in a 3 
kW microwave oven for 15s and 30s with a 95% confidence interval. 

6.5 Microflotation 

The hydrophobicity and floatability of pyrite were tested through microflotation using a modified 

Hallimond tube. The concentration of collector addition was determined from literature (Dimou, 
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1986). Concentrations of 0 M, 10-5 M, and 10-4 M were tested as shown in Figure 6.16. The 

greatest recovery was achieved from the 10-4 M addition of PAX. Therefore, that concentration 

was used to conduct the microflotation tests.  

Four condition times were also tested: 0, 5, 10, and 15 min as shown in Figure 6.15. Since 

condition times of 5, 10, and 15 min yielded approximately the same recovery, a conditioning 

time of 5 min was used to conduct all the microflotation tests.             

To examine the effect of microwave radiation exposure on pyrite recovery, flotation in the 

absence of collector was conducted. Since pyrite is a hydrophilic mineral, no recovery is 

expected as seen in Figure 6.17. The flotation of pyrite is dependent on the ions present in the 

pulp and the pH of the system. An increase in recovery is observed in the acidic pH after 

exposure to microwave radiation with the greatest recovery for pyrite that was exposed for 30s at 

pH 3. However, this recovery is not significant as the it is only an increase of 6±2%. There are 

no changes in recovery observed from pH 5-11 for treated and untreated pyrite. This is because 

the charge on the surface of treated pyrite has changed from being positive for acidic pH and 

negative for alkaline pH as can be seen in the zeta potential results in Figure 6.13; this is also 

consistent with literature (Naklicki et al., 2002).  
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Figure 6.15 Pyrite recovery as a function of conditioning time with a 95% confidence interval 
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The addition of a sulfide collector, such as PAX, is often required to float sulfide minerals that 

are hydrophilic. As can be seen in Figure 6.18, the addition of PAX improved flotation recovery 

at all pH which is expected because PAX is an anionic collector which adsorbs onto the sulfur 

rich surface and renders the surface hydrophobic enabling the particles to attach to the air 

bubbles and rise. This is the reason the greatest recovery was observed for the untreated sample. 

Oxidized minerals can form hydroxylated surfaces when in contact with water (Fuerstenau and 

Pradip, 2005). Exposure to microwave radiation decreased the recovery of pyrite because PAX 

adsorbs onto the sulfide faceswhich decrease due to surface oxidation.  
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Figure 6.16 Pyrite recovery as function of PAX concentration with a 95% confidence interval 

0
2
4
6
8

10
12
14

2 4 6 8 10 12

R
ec

ov
er

y 
(%

) 

pH 

PyU

PyT-15s

PyT-30s

Figure 6.17 Flotation recovery without collector for untreated pyrite and pyrite treated for 
15s and 30s in a 3kW microwave as a function of pH with a 95% confidence interval 
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At pH 11, there is no recovery. Pyrite is a gangue mineral that should be depressed during most 

flotation process. This can be done at pH 11. However, to make a solution very alkaline, a large 

amount of reagent is required. This is in agreement with literature, where Gaudin observed that 

an important feature in pyrite flotation was that at very alkaline pH pyrite underwent extreme 

depression (Gaudin, 1939). This is due to oxidation at the surface of pyrite which leads to a 

drastic reduction in floatability (Dimou, 1986; Glembotskii et al., 1972).  
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Figure 6.18 Flotation recovery with PAX  for untreated pyrite and pyrite treated for 15s and 
30s in a 3kW microwave as a function of pH with a 95% confidence interval 
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7 Conclusions and Future Work 

7.1 Conclusions 

 

The conclusions that have been determined from this work are as follows: 

• The bulk temperature of pyrite was independent of particle size range. The power level 

and exposure time did affect the microwave heating of the pyrite sample. Increase in 

power level and/or increase in exposure time led to an increase in the bulk temperature of 

the sample. 

• XRD analysis did not show any change in the peak locations to definitively conclude that 

phase change in the form or oxidation occurred at the surface of pyrite. XPS analysis was 

conducted to analyze the surface chemistry of the treated pyrite. It showed that there was 

formation of oxidized sulfur, sulfoxy species, ferric oxide, hydroxide, and sulfate. SEM 

was used to obtain surface topography and phase composition of the treated pyrite. It 

showed the presence of more than one Fe-S phase and SFeO phase. Thus, surface 

characterization of pyrite showed that phase transformation had taken place in the form 

of oxidation on the pyrite surface. 

• Vibrating sample magnetometer (VSM) results indicated the untreated pyrite was weakly 

paramagnetic. After exposure to microwave radiation, pyrite became ferromagnetic. 

Consequently, the magnetic susceptibility of pyrite increased after exposure to 

microwave radiation. This is attributed to the formation of new phases which have a 

greater degree of magnetization. Since the treated pyrite sample is now ferromagnetic, 

magnetic separation can be used to remove pyrite. 
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• The untreated pyrite had a negative charge throughout the pH range. After microwave 

treatment, the charge shifted more positively. This positive shift in the zeta potential 

curve for treated pyrite indicates a change in the surface charge of pyrite and the presence 

of oxidation. 

• There was an increase in the hydrophobicity of pyrite in the acid pH range after 

treatment. This led to an increase in pyrite recovery without the use of collector in the 

acidic region. A decrease in recovery of pyrite in the presence of PAX as a collector was 

observed after exposure to microwave radiation. This is attributed to oxidization of the 

pyrite surface. Hydrophilic phases were formed which inhibit the flotation process. 

Previous research demonstrated the benefits of microwave pre-treatment on the comminution 

process. But it can also be seen that it could be beneficial for magnetic separation and froth 

flotation. Since the microwave treated pyrite had a lower flotation recovery, it could be a more 

economical option to depress pyrite. 

7.2 Future work 

The following are suggestions for future work: 

• Since the pyrite surface has undergone oxidation, investigate the floatability of treated 

pyrite after conditioning with an oxide collector to understand whether this would 

increase the floatability of the treated pyrite. 

•  Study the surface properties of the product of flotation using PAX (sulfide collector) and 

with an oxide collector. 

•  Conduct magnetic separation of microwave treated sulfide ores. 
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• Investigate the effect of microwave radiation on the surface energetics of pyrite. 

• Conduct flotation experiments on sulfide ores to see if the same conclusions are reached. 
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