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ABSTRACT

Recent research developments have suggested that microwave assisted
comminution and liberation could provide a step change in ore processing. The
principle exploited in this technology is based on the fact that microwaves
selectively heat absorbent phases within a multi-mineral ore and induce
internal stresses that create fracture. It has been suggested by several
authors that microwave pre-treatment of ores with a mixture of microwave
absorbing semiconducting minerals (most sulphides and oxides) well
disseminated in microwave transparent gangue (most silicates) can
significantly reduce the required comminution or breakage energy and also

achieve improved mineral liberation through grain boundary fracture.

A detailed review of existing literature revealed that little or no information is
available which relates and examines the influence of hydrated minerals on
microwave assisted fracture. This is despite the fact that most important ores
are associated with phyllosilicates, the vast majority of which are hydrated.
Water in any form significantly affects the dielectric properties of a material,
which in turn dictates its microwave absorbing properties. A study was carried
out on two Kimberlite diamond ores containing significant hydrated minerals
but devoid of any semiconducting minerals which are known to be good
microwave heaters, so as to investigate the influence of hydrated minerals on
microwave induced fracture. The results confirmed that in this type of ore,
microwave induced fracture relies on certain mineral phases within the ore
undergoing dehydration. It was concluded that presence of minerals
containing interlayer adsorbed water induces significant micro and macro

fractures after microwave treatment. The magnitude of induced damage was



quantified by point load testing and ultrasonic pulse velocity (UPV)
measurement methods. The results showed significant reductions in the Point
Load Index (I;) and Relative Ultrasonic Pulse Velocity (UPV). It was however
noted that significantly higher energy inputs are required in treatment of
hydrated ores compared to those used in treatment of metalliferous ores

because longer treatment times are required for dehydration to take place.

The significance of microwave induced fracture on beneficiation was
investigated by conducting liberation and flotation tests on two porphyry
copper ores. It was demonstrated that microwave pre-treatment improves
beneficiation at sizes suitable for flotation. Significant improvements in
liberation of up to 20% were achieved in particles treated using a single mode
cavity at modest energy inputs of less than 2 kWh/t. It was further observed
that higher improvements in degree of liberation are attained in coarser
particle sizes between 212 and 425 um. Flotation tests also demonstrated that
microwave pre-treatment has potential for real economic benefits in terms of
value proposition and also results into more efficient resource utilization. The
results showed an increase of 8-10% in copper sulphides recovery from coarse
sized particles (-400+200 um) and an overall increase in grade/recovery of
between 1-2%. The results also showed that microwave pre-treatment
enhances selective mineral recovery as the grade-recovery of iron sulphides

decreased in all but one microwave treated samples.

The major drawback to further developments towards industrial scale
application was found to be the lack of an effective continuous processing
microwave applicator. It was shown that the conveyor tunnel applicator used

in this study did not perform according to the design specifications. It was



observed that power spreads in the transverse direction within the tunnel
which causes a deviation from the ideal localised hot spots that are required
for more efficient treatment. It was concluded that the rate of power density
increase is as important as the ultimate power density and that any future
applicator desighs must be able to ensure localised hot spots and confinement

of all the microwave energy.
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CHAPTER ONE

1 INTRODUCTION AND OBJECTIVES

All valuable minerals are found embedded in rocks within the earth’s crust.
After the mineral bearing rock is extracted, the valuable minerals need to be
‘liberated’ from the parent rock to be concentrated into a product of economic
value. This process is known as comminution and may involve blasting,
crushing and grinding. Comminution processes are highly energy intensive
and are said to account for approximately 3% of the global electrical energy
consumption (Schwechten and Milburn, 1990). In countries such as South
Africa, Canada and Australia where mining forms a larger proportion of the
industrial sector, comminution processes may account for as high as over 6%
of total electrical energy consumption (IEA, 2009). In the US, annual energy
consumption within the mining industry is estimated at over 1 quadrillion Btu
(10'° Btu) and costs between US$ 3-5 billion, which represents 15-25% of all

supplies to the industry.

In 2003, an analysis carried out by the US Department of Energy
demonstrated that the largest opportunities for energy savings within the
mining industry lay in materials handling, beneficiation and processing and
extraction. Comminution processes accounted for approximately 80% of the
total energy required for beneficiation and processing (DoE, 2004). This is
very significant both in terms of financial costs and also more worrying in

terms of environmental effects and sustainability at a global scale.
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According to publications from World Energy Outlook over the last decade, the
world’s energy demands continue to rise to sustain economic growth and
development thus putting energy resources under pressure (IEA, 2009). There
is growing anxiety about the effects of human activities on the environment.
There are worrying concerns of climate change due to greenhouse gases
generated by burning fossil fuels used to generate electricity and to provide
power for manufacturing industries and transportation sector. Under the UN
Framework Convention on Climate Change (UNFCCC) Kyoto Protocol, which
came into force in February 2005, member countries agreed to reduce green
house gas emissions by between 5-10% within a specified time frame (UN,
1998). More recently, the world’s most industrialised countries (The G8) have
committed to reduce carbon emissions by 80% by 2050 and to help
developing countries achieve a 50% reduction within the same time frame

(G8, 2009).

The Intergovernmental Panel on Climate Change (IPCC) which is a scientific
body that was constituted by the UN to review and assess information
relevant to the understanding of climate change has emphasised the use of
energy efficient technologies as one of the major requirements to combat
climate change (IPCC, 2007). In the US, the mining industry set targets of a
30% increase in energy efficiency and 20% reduction in carbon emissions by
2020 (DoE, 2004). In the EU, the Integrated Pollution Prevention and Control
directive 96/61/EC requires operators of specified industries to demonstrate
use of “best applicable techniques” when applying for permits (EC, 1996).
There is strict environmental legislation in most other countries that requires
industrial installations to improve process efficiency, lower energy

consumption and lessen carbon emissions. There are also fears that the global
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energy sources are fast being depleted and could run out in the foreseeable
future. The above, coupled with the insecure supply and unpredictable prices
of oil and gas and political instability of the main oil producing countries in the
Middle East offers additional motivation to industries for more sustainable

industrial processes.

The conventional comminution process flow sheet consisting of crushing and
grinding stages is believed to be highly energy inefficient. Whereas crushers
and High Pressure Grinding Rolls (HPGRs) operate with modest efficiency of up
to 70% (Gerrard et al., 2004), the traditional grinding mills remain highly
inefficient. For example, it is reported that less than 1% of the total energy
input in a ball mill is utilized to generate new surfaces ready for large-scale
separation techniques such as gravity or froth flotation (Rhodes, 1998). As a
result, significant research work has been devoted to improving grinding
processes (Fuerstenau and Abouzeid, 2002, Fuerstenau and Kapur, 1995,
Fuerstenau et al., 1999, Gutsche and Fuerstenau, 2004, Kapur and
Fuerstenau, 1987, Zeng and Forssberg, 1991, Zeng and Forssberg, 1992).
Most of this work involved the development of innovative grinding
technologies such as the use of grinding aids and also optimisation of existing
grinding equipment such as the development of Autogenous (AG) and Semi-
Autogenous (SAG) mills. The above work has, however, only achieved modest
energy savings and the concept of a perfect grinding machine still seems

farfetched.

Microwave assisted comminution is a subject that has generated a significant
amount of research interest in recent years due to its potential for significant

process benefits. Research over the last decade has shown that microwave

3
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pre-treatment of ores has the potential to reduce the overall required crushing
and grinding energy by over 60% and also significantly increase mineral
liberation (Kingman et al., 1999, Kingman et al., 2004, Al-Harahsheh and
Kingman, 2004, Jones, 2005, Jones et al., 2005, Salsman et al., 1996,
Groves, 2007, Amankwah et al., 2005). The principle exploited in microwave
assisted comminution is based on the fact that microwaves selectively heat
absorbent phases within an ore, thereby inducing internal stresses that
fracture the material. Although some progress has been made in this area,
various associated scientific and engineering aspects still need to be
investigated further. Based on microwave induced fracture mechanisms, ore
mineralogy plays an important role in inducing fracture. However, the exact
mechanisms involved and more importantly how the induced fracture can be
enhanced to benefit mineral liberation is not fully understood. In particular,
the influence of hydrated minerals has not been investigated at all and yet
water in any form significantly affects the dielectric properties of a material

which influence its microwave susceptibility.

Numerical models have shown that greater fracture is induced if the
temperature gradient between the heated mineral grains and gangue material
is maximized (Salsman et al., 1996). All the research work that has been
carried out so far has been conducted at power levels in the range of 500 W to
15 kW. Computer simulations conducted by Jones et al (2005) and Wang et al
(2008) have suggested that inter-granular micro fractures (which are
preferred to macro fracturing) are maximized at a power density in the range
of 1 x 10 and 1 x 10'2 W/m?® with exposure times of between 0.2 and
0.002 seconds. Most existing microwave heating systems were not capable of

operating at such specifications and hence these claims have not been
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validated. In addition, all previous work has been conducted using batch
treatment processes in either multimode or single mode microwave heating
cavities. Any realistic industrial microwave treatment process necessitates

development of a continuous treatment process.

Conventional comminution techniques do not control the manner in which
fracture occurs. Complete liberation and separation of valuable minerals from
the host material (gangue) is virtually impossible. As a result, significant
amounts of valuable minerals are lost in the gangue. It is reported that up to
half of the total mineral content of an ore may be lost in this manner (Wills,
2006). Microwave induced fractures are said to propagate predominantly
along the grain-gangue interfaces (Jones et al., 2005, Kingman et al., 1999,
Kingman et al., 2004). This intergranular fracturing pattern has potential to
increase the degree of mineral liberation because mineral grains may be

released from the host ore as full grains.

The overall aim of this research is to investigate the effectiveness of
microwave pre-treatment of ores with respect to enhancement of
comminution, mineral liberation and grade/recovery. An investigation into the
influence of hydrated minerals on microwave induced fracture will be carried
out to fill the gap in knowledge that currently exists. A batch single mode
applicator and a specially designed continuous microwave treatment system
will be used to treat different ores. The effect of microwave pre-treatment on
mineral liberation and grade/recovery will be quantified in order to assess the
benefits of microwave pre-treatment with respect to value proposition. The
advantages of using highly selective pulse microwave heating systems will

also be examined.



CHAPTER TWO

2 FUNDAMENTALS OF MICROWAVES AND MICROWAVE

HEATING

2.1 Introduction

To the majority of ordinary people, microwaves are synonymous with the
kitchen microwave which is a familiar domestic appliance found in most
homes. In reality, microwaves are a form of electromagnetic energy with a
wide range of scientific and industrial applications. For example, microwaves
are used transmit signals that broadcast live programmes on radios and
televisions or to diagnose disease in hospitals or for industrial heating.
However, this research work will only be limited to the industrial heating
applications of microwaves and this chapter presents the scientific basics of

microwaves and how microwaves interact with and heat materials.

2.2 The Electromagnetic Spectrum

It is important to first understand electromagnetic waves and the
electromagnetic spectrum because microwaves are in fact electromagnetic
waves. Electromagnetic waves are self propagating waves characterised by
electric (E) and magnetic (H) field components oscillating in phase and
perpendicular with each other and also perpendicular to the direction of
propagation (Metaxas and Meredith, 1983), as shown in Figure 2.1.
Electromagnetic waves can propagate in vacuum or in matter and possess
similar characteristics to common waves viz reflection, refraction, diffraction,

interference, absorption, etc.
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Figure 2.1 Electromagnetic wave components (Whittaker, 1997)

Electromagnetic waves obey the general wave formula given by Equation 2.1

(Metaxas and Meredith, 1983).

c=A1-f (2.1)
Where c = speed of light (3.0 x 108 m/s)

A = wavelength in free space (m)

f = frequency (Hz)

Electromagnetic waves are classified according to wavelength into radio
waves, microwaves, infrared, light waves (which is the visible region we
perceive as light), ultraviolet, X-rays and gamma rays. The full range of the

electromagnetic spectrum is shown in Figure 2.2.
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Figure 2.2 The electromagnetic spectrum showing the position of microwaves (Sutton,
1989)

As shown in Figure 2.2 above, microwaves lie between the infrared and radio
waves in the electromagnetic spectrum with a typical wavelength in the range
of 1Imm - 1m. By substituting the typical values of the wave length in
Equation 2.1, microwaves have a frequency band of between 300 MHz and
300 GHz. Because microwaves have a wide range of applications, specific
frequencies are allocated for different purposes to avoid disturbances that

may be caused by interferences. The majority of the microwave frequency
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band is used for communication purposes and only certain specific regions
have been allocated for non communications purposes, known as the
industrial, scientific and medical (ISM) applications. In the UK, frequencies of
896 MHz and 2.45 GHz are exclusively used for ISM applications such as

industrial heating and domestic ovens (Meredith, 1998).

2.3 Heating Mechanisms of Microwaves

Essentially, any material can be heated using high frequency electromagnetic
waves provided that the material is neither a perfect electrical conductor nor a
perfect insulator. The list therefore extends from metals to dielectric materials
which could be considered good insulators. Electromagnetic heating of
dielectrics originates from either the ability of the electric field to polarise
charges in the material and the inability of this polarisation to follow extremely
rapid reversals of the electric field or through direct conduction effects
(Metaxas and Meredith, 1983). At microwave frequencies, the heating rate
varies in each material and generally there is inadequate microwave energy
penetration in bulk materials with significant ionic or metallic conductivity.
There are primarily two major microwave heating mechanisms, ionic
conduction and dielectric polarisation (Metaxas and Meredith, 1983). Dielectric
polarisation mechanism is further divided into dielectric, electronic, atomic,
dipolar and interfacial polarisation (Botsco and McMaster, 1986, Von Hippel,

1954).

2.3.1 Electronic Polarisation
Atoms which are the basic units of matter consist of a dense positively

charged central nucleus surrounded by a cloud of negatively charged electrons
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bound to the nucleus by an electromagnetic force. Electronic polarization
occurs in neutral atoms when an electric field displaces the nucleus with
respect to the electrons that surround it resulting into dipole moments which

respond to the applied field (Von Hippel, 1954, Botsco and McMaster, 1986).

+ @

Figure 2.3 Electronic polarisation in a stable atom after nucleus is displaced with
respect to surrounding electrons (Botsco and McMaster, 1986)

2.3.2 Atomic Polarisation

Atoms may combine to form more stable compounds by sharing their
electrons. When this takes place, the electron clouds are more likely to be
displaced towards the stronger binding atoms and therefore atoms acquire
slight charges of opposite polarity (Von Hippel, 1954). When an electric field is
applied, it tends to change the equilibrium state of the atoms themselves.
Unlike electronic polarisation, atomic polarisation is therefore as a result of

nuclei displacement of different atoms in a molecule.

O+
O+

O+
O+

O
o
+

+@ O
@)

O

Figure 2.4 Atomic polarisation as result of nuclei displacement of different atoms
(Botsco and McMaster, 1986)
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Electronic and atomic polarisations are less significant at microwave
frequencies because the time scale is far too long to contribute to dielectric

heating (Mingos and Baghurst, 1991).

2.3.3 Orientation Polarisation

Orientation polarisation (sometimes referred to as dipolar polarisation) is the
most significant heating mechanism at microwave frequencies (Metaxas and
Meredith, 1983). It occurs in dielectrics containing permanent dipoles which
are present even in the absence of an external electric field. Permanent
dipoles arise from an imbalance in charge distribution in molecules such as
water, alcohols and acids. The dipole moments are oriented in a random
manner in the absence of an electric field so that no polarisation exists. When
an external field is applied, a torque is induced on the dipoles and they rotate
to align with the electric field causing polarisation. If the field changes
direction, the torque will also change. At low frequencies, the molecules will
be polarised uniformly but at higher frequencies, molecules cannot cope with
phase change and the alternating motion generates heat due to frictional

losses (Whittaker, 1997, Von Hippel, 1954, Meredith, 1998).

Torque A Electric field

Figure 2.5 Dipole rotations in an alternating electric field

11
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2.3.4 Interfacial Polarisation

Electronic, atomic and dipolar polarisation all occur when charges are locally
bound in atoms, molecules or structures of solids or liquids. However, charge
carriers also exist that can migrate over a distance through the material and
polarisation occurs when this motion is impeded. Interfacial polarisation or
space charge polarisation arises from charge build up at an interface between
components in heterogeneous materials composed of small conducting
particles inter-dispersed within a non-conducting medium (Metaxas and
Meredith, 1983, Whittaker, 1997). The heating mechanism is considered to be
a combination of conduction and dipolar effects. Within the structure of such
heterogeneous materials, charge carriers can migrate a limited distance
through the load. When these charge carriers can move no further, either
because they are trapped in the material or cannot be freely discharged, a

space-charge distortion occurs that results in polarisation (Von Hippel, 1954).

2.3.5 Ionic Conduction

When microwaves interact with an electrical conductor, charge carriers
experience a force and move under the influence of the electric field resulting
into polarisation. The induced current causes heating due to electrical
resistance (Von Hippel, 1954). This heating mechanism is significant in
conducting solid materials and ionic solutions. But as stated before, in high
conducting materials such as metals, there is inadequate microwave
penetration; rather microwaves are reflected at the surface which may lead to
arcing (Whittaker, 1997). In liquids, ionic conduction heating may dominate
dipolar heating as the conductivity of the liquid is increased either by addition

of ions or increase in temperature (Al-Harahsheh and Kingman, 2004).

12
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2.4 Advantages of Microwave Heating

In conventional heating, heat energy transferred to a material must pass
through its surface and pass across a temperature gradient from one part of a
material to the other by conduction, convection or radiation. The rate of heat
flow within is therefore limited by the temperature at the interface and
thermal diffusivity. Clearly this results in uneven temperature distributions in
the work piece, difficulty in heat control as well as being inherently slow. It
also results in energy being wasted in heating the whole sample if selective
heating is required. In microwave heating, energy is absorbed volumetrically,
thus rapid heating is possible leading to greater time savings (Stuerga and
Gaillard, 1996, Sumnu et al., 2005). Microwave heating systems are
therefore capable of operating with a high degree of efficiency. In large
industrial microwave ovens, the microwave efficiency is defined as the
percentage of the applied microwave energy which is dissipated as heat in the
workload and can be in the region of 95% (Meredith, 1998). Table 2.1 shows

the major differences between microwave heating and conventional heating.

Conventional Heating

Energy transfer Heat transfer

Non contact heating Conduction or radiation heating

Rapid heating possible Heating rate limited by thermal
diffusion

Material selective heating Selective heating not possible

Volumetric heating Surface heating

Energy may be transported to Heat must be transmitted by medium

material through hollow wave guide | to material causing heat loses

Table 2.1 Comparison between microwave and conventional heating

13
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2.5 Dielectric Properties

A dielectric material has ability to absorb and store energy through
polarisation when an external electric field is applied. The extent to which
energy may be absorbed and dissipated in a material depends on its dielectric
properties which include permittivity, permeability, conductivity and
resistivity. The dielectric properties of a material vary with molecular
structure, density, moisture content, temperature, frequency and orientation
of the material. Since many heating applications involve the removal of
moisture from the workload, this makes the variations an important aspect in
the design of microwave heating devices. Dielectric data also enables
quantification of power density and microwave penetration depth in materials

(Ryynanen, 1995).

2.5.1 Permittivity

Permittivity is the most important property that defines the interaction of
electromagnetic waves with materials and is defined as the ratio of electric
displacement to electric field strength (F/m). The permittivity of a material is
composed of a real part and an imaginary part. The real part is known as the
dielectric constant (&') and is a measure of the ability of a material to be
polarised and store energy. The imaginary part (&'') is a measure of the
ability of the material to dissipate stored energy into heat (Metaxas and

Meredith, 1983). The two are related by the expression:

e =¢ —je” (2.2)

14
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Where e” = Permittivity
g = Dielectric constant
g = Loss factor
j = v

In practice it is difficult to separate the heat loss contribution from the

different heating mechanisms described in Section 2.2. Instead, the Effective

Loss Factor, sgff which includes loses arising from both conduction and

polarisation is used. Equation 2.2 above is then adjusted as follows.

e = eo(sr —jeeff) (2.3)
Where £ = Permittivity of free space (8.86x107** F/m)

s; = Relative dielectric constant

s;'ff = Effective relative dielectric loss factor

The ratio of the effective loss factor to that of the dielectric constant is called
the effective loss tangent (Equation 2.4) and measures how well a material
absorbs electromagnetic energy and dissipates it as heat (Chan and Reader,

2000).

e
tand = % (2.4)
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2.5.2 Dielectric Property Variation with Frequency

The dielectric properties of a material are frequency and temperature
dependent and also vary considerably with density and moisture content
(Meredith, 1998, Nelson and Bartley, 2002, Pickles et al., 2005, Von Hippel,
1954). The variation in dielectric properties with frequency largely depends on
the heating mechanism although this may not always be the case (Salsman,
1989b, Atwater and Wheeler, 2003, Pickles et al., 2005). In materials where
dipolar heating mechanism dominates, the dielectric constant and loss factor
increase with increasing frequency unless the dipoles cannot cope with the
frequency change leading to a phase lag which reduces the effectiveness of
heating (Von Hippel, 1954). This effect is described by the relaxation time of
the material which is the time taken for dipoles to return to their equilibrium
position when the externally applied electric field is removed within the
alternating field (Atwater and Wheeler, 2004, Sugimoto and Norimoto, 2004).
Industrial microwave applications use specified frequencies of 896MHz and
2.45GHz (for UK) and therefore the variation of material dielectric properties
with frequency is not as crucial as other factors such as temperature and

moisture content which are discussed in the next section.

Table 2.2 gives the dielectric constants and loss factors of selected common

materials at different frequencies. It can be seen that water which heats by
dipolar re-orientation mechanism shows an increase in both ¢ and &€ with
increasing frequency. However, aqueous sodium chloride (NaCl) which heats
predominantly by ionic conduction shows a decrease in both ¢ and £ with

increasing frequency.
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Material Temp € €

(°C) | 30MHz [ 1GHz | 2.5GHz | 30 MHz | 1 GHz | 2.5 GHz
Water, ice -12 3.8 3 3.2 0.7 0.004 0.003
Snow -20 1.2 1.2 1.2 0.01 0.001 0.0001
Distilled Water 25 78 77 77 0.4 5.2 13
Distilled Water 85 58 56 56 0.3 1 3
Ethyl Alcohol 25 23 12 7 3 3 6.5
NaCl (0.1M) 25 76 76 76 480 30 20
Alumina Ceramic 25 8.9 8.9 8.9 0.0013 | 0.008 0.009
Fused Quartz 25 3.78 3.78 3.78 <0.001 | <0.001 | <0.001
Bakelite 24 4.6 3.8 3.7 0.34 0.26 0.23

Table 2.2 Dielectric Properties of selected materials at different frequencies (Metaxas
and Meredith, 1988)

2.5.3 Dielectric Property Variation with Temperature

The variation of material dielectric properties with temperature is of great
significance in industrial microwave heating because materials may exhibit
physical and chemical changes that alter the interaction of microwaves with

the material (Meredith, 1998). Generally, the variation of both € and ¢ ina

material subjected to microwave heating is related to the heating mechanism
in the material (Atwater and Wheeler, 2004). For example, in polar liquids, the
nature of temperature dependence is a function of the dielectric relaxation
processes. Dielectric relaxation is the time taken for dipoles to return to
random orientation when the electric field is removed (Sebastian, 2008). An

increase in temperature increases both ¢ and € because the dipoles can flip

faster due to a decrease in relaxation time (Bottcher, 1973, Hairetdinov et al.,
1998, Hall et al., 1998). Dielectric property variation with temperature of pure
materials such as water whose composition is precisely known may be
predicted but this is not always the case with most other materials. This is

because as the temperature changes, the heating mechanism may change as
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well, making predictions difficult. Due to this fact, the dielectric properties of
materials are usually measured over the range of temperature that is of
interest. Figures 2.6 and 2.7 show how complex such variations may be.
These results were obtained from investigations conducted by Cumbane

(2003) on the variation of € and € with temperature for five minerals

measured at 2.216GHz. The results show that the dielectric properties of
galena (PbS) and sphalerite (ZnS) exhibited little variation with temperature,
whilst pyrite (FeS), chalcocite (Cu,S) and chalcopyrite (CuFeS,) showed
significant variability related to phase transformations (in this case oxidation

processes) that take place within specific temperature regions.

25

15 4

10 4 /,—"“x, _
- — r—— r— - *
——— —— M~ I
e - - —
——k -

Dielectric constant, ¢'

0 100 200 300 400 500 600

Temperature, C

—+—Pyrite —=— Chalcopyrite —— Galena —s—Sphalerite —s— Chalcocite

Figure 2.6 Variation of dielectric constant with temperature for selected minerals

(Cumbane, 2002)
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Figure 2.7 Variation of loss factor with temperature for selected minerals (Cumbane,
2002)

The variation of ¢ and & can be measured with relative ease using

specialised techniques which are discussed later in this chapter. There is a
wealth of published data on the dielectric properties of different materials at
different temperatures because of the importance of understanding the
dielectric properties - temperature variation. The variation of material
dielectric properties with frequency is less significant in industrial microwave
heating because only specific frequencies are used in microwave heating

systems.

2.5.4 Other Factors that affect Dielectric Properties

The variation of dielectric properties with density has been reported by several
authors (Landau et al., 1984, Nelson, 1988, Salsman, 1991, Trabelsi et al.,
1999, Trabelsi et al., 2001). With respect to microwave heating, density
variation is said to be relevant to powders where increase in packing density

increases both ¢ and € . The powder behaves as a two phase mixture with
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air, and as the packing density increases, the voids are reduced and both e
and € increase. The relationship between conductivity and dielectric loss

factor is given by the following relationship (Hamon, 1952):

€ =S 2.5
gof (2.5)
Where f = Frequency (Hz)
o = Electrical conductivity of the material (S/m)
€ = Permittivity of free space (8.85x107'*F/m)

The variation of dielectric properties with moisture content is of great
importance to industrial microwave heating because most heating applications
vary the moisture content in the work load. The nature of absorbed water in a
material has a marked effect upon its dielectric properties (Metaxas and

Meredith, 1988). This will be discussed in detail in the next chapter.

2.5.5 Dielectric Property Measurement Techniques

The principle techniques used to characterise the dielectric properties of
materials rely on sending an electromagnetic wave to a material and analysing
the reflected or transmitted signals. Analysis may be based on different
observations such as impedance or resonance depending on the type of
material, frequency, temperature, etc. Different specialized techniques have
been developed and are extensively discussed by other authors (Altschuler et
al., 1963, Hutcheon et al., 1992a, Hutcheon et al., 1992b, Ikeda et al., 2003,

Salsman, 1989a, Salsman, 1991, Venkatesh and Raghavan, 1999a, Von
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Hippel, 1954, Wu et al., 2000, Salsman, 1989b, Venkatesh and Raghavan,

1999b).

The major difference in all the methods lies in the technique used to

determine the attenuation constant (a), phase constant (f) and propagation
constant (y) of the characteristic wave signals. At microwave frequencies,

measurements using the coaxial line or resonant cylindrical cavity techniques
are considered to be the most suitable (Metaxas and Meredith, 1983) and will
be discussed in more detail in the next sections. Below microwave
frequencies, Q-meter methods are employed while above 10 GHz, free space

methods are used (Scaife, 1989, Sebastian, 2008).

2.5.5.1 Coaxial line

The coaxial line / probe method is sometimes also referred to as the Roberts
Von Hippel method and is commonly used to accurately determine the
dielectric properties of high-loss materials (Batt et al., 1995, Meredith, 1998).
The technique involves the examination of standing waves in a transmission
line or wave guide in which the dielectric under investigation is incorporated at

the far end. A typical apparatus set-up is shown in Figure 2.8.

The Vector Network Analyser (VNA) generates microwaves, which are
transmitted by the coaxial line through a slotted line to the section containing
the dielectric. The far end of the dielectric is short-circuited giving rise to a
standing wave pattern. Characterisation of the standing wave enables data on

dielectric properties of the material under investigation to be obtained.
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Figure 2.8 The coaxial line method for dielectric property measurement (Metaxas and
Meredith, 1983)

¢- Standing wave with dielectric specimen

The characteristic impedances of the dielectric filled line and the impedance of
the line without the dielectric are measured by a Network Analyser. The

parameters which are measured are illustrated in Figure 2.8 above and they

are:
Xo = Shift distance (m)
S = Voltage Standing Wave Ratio (VSWR)
d = Dielectric specimen length (m)
ro = Wave length in empty coaxial line (m)

Different mathematical approaches are used to solve for ¢ and ¢ from
measurement of the above parameters and are discussed in detail by other

authors (Arai, 1995, Arai et al., 1993, Metaxas and Meredith, 1983, Roberts
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and Von Hippel, 1946, Wu et al., 2000). Nowadays computers are
programmed to measure the above parameters and automatically compute ¢
and ¢ values negating the need for tedious mathematical computations which

may also lead to errors.

2.5.5.2 Cavity perturbation

The cavity perturbation method for dielectric property measurement is based
on the perturbation theory, which assumes that the change in the stored
energy in a cavity with or without a dielectric material is negligible and hence
the electromagnetic fields in the cavity with and without a dielectric material
are approximately equal (Metaxas and Meredith, 1983). This technique is
widely used for measuring the dielectric properties of low loss solid (or
powder) materials although the method can also be used for liquid
measurement. Cavity perturbation techniques are also more adaptable for
high temperature dielectric property measurement and for multiple discrete
frequencies when compared to the coaxial line technique (Hutcheon et al.,

1992a, Holderfield and Salsman, 1992, Tinga, 1992, Hutcheon et al., 1992b).

To understand how this method works, it is important to define the key terms
used in this technique. Microwave cavities are discussed in detail later in this
chapter but basically a cavity is dielectric region of any shape completely
surrounded by conducting walls. A resonant cavity is one where the stored
electrical energy is equal to the stored magnetic energy (Meredith, 1998). This
phenomenon occurs at specific frequencies known as the resonant frequency
modes. When a cavity resonates, energy is dissipated in the walls of the
cavity. The ratio of the total energy stored in the cavity to the energy

dissipated in the walls per cycle is known as the quality factor (Q) of the
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cavity and it provides a direct measurement of the “lossiness” of the cavity

(Dressel et al., 1993).

The cavity perturbation technique is based on measurement of shift in
resonance frequency and change in quality factor when a dielectric material is
placed in a resonance cavity. A cylindrical cavity is normally used and its
dimensions must be sufficiently larger than the sample so as to cause only a
small frequency shift thereby ensuring validity of the perturbation theory
(Altschuler et al., 1963). In addition, the unperturbed field in the sample
region must be uniform. This is ensured if a rod shaped sample is positioned
along the central axis because according to (Donovan et al., 1993), for a
large flat cylindrical cavity resonating in the TMg,c mode, the electric field is
parallel to the direction of propagation, which results in the maximum electric
field strength being along the central axis and diminishing radially to a value
of zero at the wall. In contrast the magnetic field is at its maximum at the
cavity wall and diminishes to zero along the central axis in a TMg,o cavity, so

the sample can be considered as being in a pure electric field.

A typical set-up of the cavity perturbation apparatus is shown in Figure 2.9.
The cavity is mounted beneath a furnace and insulated from it so as to enable
measurements to be taken at elevated temperatures without affecting the
cavity. A holder made of material such as quartz which is transparent to
microwaves may be used to hold the sample. The robotic arm is attached to
the sample holder and is programmed to move the sample downwards into

the cavity or upwards into the furnace.
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Figure 2.9 Typical apparatus set up for the cavity perturbation technique for
measurement of dielectric properties of materials

The values of the dielectric constant €', and the loss factor €”, are computed

using Maxwell’'s Equations 2.6 and 2.7 which have been derived from

perturbation theory. As stated before, computers are commonly used to solve

the equations instead of manual computations.

£ = 1425 )2 % (X ) v Ll (2.6)

e =7 (Kim) * 12 %

Where:

~

(n<

i
Qo

Qs

Vs fO

1 1
——— 2.7

s QO) ( )
Cavity volume (m?)
Volume of sample (m?)

Resonant frequency of cavity without sample (Hz)
Resonant frequency of cavity with sample (Hz)
First order Bessel function

Quality factor of cavity
Quality factor of cavity with dielectric material
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2.6 Microwave Power Dissipation

Microwave heating is a result of conversion of electromagnetic energy into
heat. The former is generated by some source and transported through space
or any other medium in form of an electromagnetic wave. The dielectric
properties of a material and characteristics of the wave (in particular field
intensity and associated power flux density) influence the extent to which
microwave energy gets absorbed (Metaxas and Meredith, 1983). Power
absorption by a dielectric material is often expressed as a power density

(W/m?3) and is given by Equation 2.8 (Meredith, 1998).

P, = 2nfeye EZ (2.8)
Where: P, = Power density (W/m?)
E = Root mean square (r.m.s) electric field strength

inside the material (V/m)

& = Permittivity of free space (8.86x107'? F/m)

Equation 2.8 shows that the power density varies linearly with frequency, loss
factor and square of electric field strength. Therefore changes in electric field
strength will affect power dissipation more significantly compared to
frequency or lossiness of the material. For example if the electric field

strength is tripled, the power density increases nine fold.

The heating rate of a dielectric material subjected to microwave energy is
given by Equation 2.9 (Mingos and Baghurst, 1991). This equation assumes

uniform electric field strength throughout the material being heated and also
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assumes that there is no temperature drop due to heat losses from the

surface of the material.

dT K. f.E?

P o C (2.9)
dT . o1 (0
Where: o = Heating rate of the material (°C /s)
K = Constant
C = Specific heat capacity of the material (J/Kg °C)
p = Density of the material (Kg/m?)

The energy loss (and thus decrease in temperature due to radiation from the
surface) can be taken into account by modifying Equation 2.9 (Mingos and

Baghurst, 1991):

o = _:CLVAT‘* (2.10)
Where e = Sample emissivity ratio

a = Stefan-Boltzmann constant

A = Surface area of the sample (m?)

v, = Volume of the sample (m?)

T = Sample temperature (°C)

Equations 2.9 and 2.10 show that at constant frequency, temperature change

depends on the loss factor of the material and the electric field strength. It is
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very difficult to predict the magnitude of the electric field developed in the
material because its introduction in the cavity or applicator alters the absolute
value of the field (Greenacre, 1996b, Greenacre, 1996a). Computer

simulations are used to predict the field distribution inside a cavity.

2.7 Microwave Power Penetration

When microwave energy is absorbed by materials, the amplitude of the wave
decreases gradually as the wave propagates into the material. If any internally
reflected waves are neglected, the power density (and therefore power
absorbed) falls exponentially with depth. The microwave penetration depth,

D, is defined as the distance into the material at which the power flux falls to

p
1/e = 0.368 of its surface value (Metaxas and Meredith, 1983). The

penetration depth is given by Equation 2.11.

Ao 1
D 2.11
P 2m2e i 2)0- ( )
(1)) ]
&
Where Ao = Wavelength of incident radiation

The above equation shows that penetration depth increases with an increase
in the wavelength (or a decrease in frequency). The penetration depth also
increases with a decrease in values of € and € . In the microwave
frequency range, penetration depth may be smaller than the depth of material
interacting with microwave energy particularly when the material is very wet.

This presents a problem of unacceptable uniformities in temperature
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distribution. Surface heating tends to occur in materials with very high values

of ¢ and & (Clark et al., 2000, Thostenson and Chou, 1999)

2.8 Engineering Aspects of Microwave Heating Systems

2.8.1 Introduction

The previous sections of this chapter have focused on the interaction of
microwaves with dielectric materials. Before microwaves can interact with
materials, they have to be generated by some source and need to be
delivered to an applicator to interact with the material. The material to be
heated is placed in an applicator where it interacts with the microwave
energy. There are a wide range of considerations in the design of industrial
microwave heating systems. The heating requirements, material type,
throughput and economic factors all influence the design of industrial
microwave heating systems. This section highlights only the major system
components and the basic considerations in the design of microwave heating
systems. The devices used to generate microwaves and how microwaves are
guided to interact with materials is discussed. The major considerations in

applicator design are also presented.

2.8.2 Microwave Power Sources

Microwaves are generated by controlling the movement of electrons generated by

electron tube devices. In theory, a wide range of solid and non solid state electronic

devices such as amplitrons, diodes, triodes, klystrons, transistors and magnetrons

may be used to generate microwaves (Meredith, 1998, Saltiel et al., 1999). In

practice, there are technical and economic considerations which make most of the

above devices unsuitable for use in industrial microwave heating appliances. The
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major economic consideration is the capital cost and operating cost. The major
technical considerations are power output, frequency band and conversion
efficiency. Most industrial heating processes require high power output and this
makes solid state devices such as diodes and transistors unsuitable for use in
industrial heating systems. The maximum power that solid state devices can
generate is only about 500 W (Porch and Gough, 1997). Most industrial heating
systems demand power in excess of 10 kW, often extending into the range of 100
kW to 1 MW (Meredith, 1998). There are stringent international restrictions to
operate within the prescribed frequency band in order to avoid interference with
communication devices. High conversion efficiency of incoming power to useable
microwave energy is also needed in order to keep the operational costs to a
minimum. These factors have meant that magnetrons are almost exclusively used
to generate microwaves in all domestic and industrial microwave appliances
because of their higher power output and efficiency, frequency stability and lower
capital cost (Metaxas and Meredith, 1983). The klystron offers better frequency
band control but this is outweighed by its capital and operating costs and may only
be used where restrictions on band width is less than 2%. The development of the
magnetron has had a major impact on the industrial application of microwaves
because of its high efficiency enabling “cheaper” microwave heating of some

materials.

2.8.3 Propagation of Microwaves

Most of the microwave properties that have been discussed so far relate to heating.
But microwaves possess other properties similar to those of light. For example,
microwaves propagate through unbounded space at the speed of light (3x10% m/s)
and may also be reflected or refracted at a dielectric interface and can be focused

by parabolic reflectors or horn antennas (Smith, 1995). The reflection property of
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microwaves enables them to be guided through corners from one point to another
with minimal loses. Specially designed hollow rectangular pipes with highly
conducting surfaces are generally used to guide microwaves from the magnetron to
the cavity with minimum loss. In industrial microwave heating devices, coaxial
cables are not used for transmission due to unacceptable energy losses (Metaxas

and Meredith, 1983).

In Section 2.1, it was stated that microwaves are composed of a magnetic field and
an electric field propagating in planes perpendicular to each other. If a perfectly
conducting plane lies in the path of a plane wave, then the electric field intensity
tangential to the surface of the conducting plane is zero since the conducting plane
offers no resistance. However the electric field component normal to the surface is
not zero (i.e. has a finite value) and the converse applies for the magnetic field.
From this principle, there exist certain wave guide geometry combinations that
allow propagation of a single wave between parallel conducting surfaces. They are
usually classed as either TE (transverse electric, or H) mode or TM (transverse
magnetic or E) mode. When in TE mode, the electric field vector is normal to the
direction of propagation. Conversely, when in TM mode, the magnetic field vector

is normal to the direction of propagation (Meredith, 1998).

2.8.4 Microwave Heating Applicators

A microwave applicator is a device in which the material to be heated is placed
to interact with the microwave energy. A familiar applicator is the metallic box
inside the domestic microwave where food to be heated is placed. Applicators
are classified by the type of field pattern that exists inside them. The domestic
microwave oven is a multimode applicator because it supports a large number

of resonant high-order waveguide type modes simultaneously which add
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vectorialy in space and time to give a resultant field pattern (Meredith, 1998).
Other common microwave applicators include travelling wave applicators and
single mode cavities. Choice of applicator depends on many factors, such as
size, shape and properties of the material to be processed as well as the

heating rate required (Saltiel et al., 1999).

2.8.4.1 Multimode Applicators

Multimode cavities are the most commonly used microwave heating cavities.
An example of a multimode applicator is the domestic microwave oven. As
stated in the last section, multimode applicators are capable of sustaining a
number of high order modes simultaneously. They essentially consist of a
metal box of at least several half wavelengths long in at least two dimensions
so as to be able to support a large number of resonant modes at a given
frequency range (Metaxas and Meredith, 1983). The walls of the cavity are
made of highly conducting material such as aluminium or copper in order to
reflect microwaves with minimal loss. A complex electric field pattern exists
inside a multimode cavity, with different electric field intensities and therefore
material location within the cavity affects the heating uniformity and efficiency
(Mehdizadeh, 2009a). For this reason, stirrers and turntables are used to
randomly change the material position and improve on heating uniformity. A

typical field pattern inside a multimode cavity is shown in Figure 2.10.
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Figure 2.10 Frequency shift and damping of mode patterns due to the loading effect of
the dielectric in a multimode cavity (Metaxas and Meredith, 1983)

Multimode cavities can be used to process a wide range of materials but are
not suited for high temperature heating requirements because the energy is
dissipated through a relatively large volume and this reduces the power
density induced within the material. An important design parameter of
multimode cavities is the power volume density (kW/m?) at which it operates.
Excessive power volume densities cause breakdown of air inside the cavity or
destructive damage to the material being processed. Theoretically, increasing
the dimensions of the cavity causes an increase in the number of modes
within the cavity and also improves uniformity. Complete uniformity of field
strength throughout the cavity is achieved if its longest dimension is
approximately 100 times the wavelength of the operating frequency.
However, this is not always practical due to limitations on the overall size of

the cavity. For example, a domestic microwave oven operating at a frequency
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of 2.45 GHz (wave length is approximately 0.12 m) would need to be at least

12 m long to achieve uniformity.

2.8.4.2 Single Mode Applicator

Single mode applicators support only one well defined electric field pattern
inside the cavity. The single mode pattern is established by the superposition
of the forward and reflected waves, which gives rise to a standing wave with
maximum field intensity (Mehdizadeh, 2009b). The field pattern in a single
mode cavity is therefore easier to predict and describe than in a multimode
cavity. This is achieved by solving Maxwell’s equations with known boundary
conditions and the geometry of the cavity. The material to be heated is
placed in a position of maximum field strength for optimum transfer of the
electromagnetic energy. The size of the standing wave dictates the size of the
cavity and consequently the size of a single mode cavity is in the order of one
wavelength across (e.g 12.2 cm at 2.45 GHz). For the same power applied, a
single mode cavity will establish higher electric field strength than other
applicator types. Single mode cavities are therefore preferred where high
heating rates are required and are also suitable for low loss material

processing.
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Figure 2.11 Schematic of a single mode cavity

2.8.4.3 Travelling Wave Applicators

In a travelling wave applicator, power is fed into a chamber and is absorbed
by the workload with the residue being dissipated into a terminating load
(Metaxas and Meredith, 1983). Travelling wave applicators are suitable for
continuous flow processing with a conveyor belt but are not suitable for low
loss materials. The heating efficiency depends on the permittivity and loss
factor of the material to be heated and the cross sectional area of the
applicator. In principle, all travelling wave applicators behave like single mode
cavities if the terminal load is replaced by an adjustable short circuit and an

aperture plate is fitted at the generator end.

2.8.5 Other Components of Microwave Heating Systems
Industrial microwave heating systems usually have controls that allow impedance
matching. This ensures that most of the available energy from the power input unit

is dissipated within the cavity. Theoretically, this is achieved when losses in the
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dielectric material and walls are equal to the characteristic impedance of the wave
guide (Metaxas and Meredith, 1983). In practice this is difficult to achieve because
changing conditions inside the cavity due to spatial, temperature, chemical or
phase changes alter the impedance of the heating system. A terminating load to
absorb residual power (reflected microwaves) that is not absorbed by the material
to be heated is provided. A water bath is usually used due to its abundance and
high loss factor. Modern microwave heating systems are designed with automatic
tuners to keep the reflected power to very low levels. If reflected power is not
safely absorbed, this can cause damage to the magnetron. Knowledge of the
reflected power together with forward power is valuable for impedance matching

and efficiency of the heating system.

2.9 Conclusions

Microwaves are a form of electromagnetic energy which in theory can be used to
heat any material as long as the material is neither a perfect conductor nor a
perfect insulator. The ability of a material to heat when it interacts with microwave
energy is characterised by the dielectric properties of the material and is

proportional to a factor tand (read tan delta) which is a ratio of the loss factor to

the dielectric constant. The dielectric properties of a material vary with frequency,
temperature and moisture content. Microwave heating systems operate at fixed
specified frequencies. Dielectric property variation of a material can be measured
with relative ease using specialized techniques such as the coaxial/probe line and

resonance cavity perturbation techniques.

Industrial microwave heating systems often require high power output and are

designed to ensure efficient conversion of power supply to useable microwave

36



Chapter Two: Fundamentals of Microwaves and Microwave Heating

energy. Magnetrons are widely used for this purpose. The generated microwaves
are guided by hollow highly conducting rectangular tubes (ensuring minimal loss of
energy) to the applicator where the material to be heated is positioned. Multimode
cavities are widely used in many microwave heating appliances. However, single
mode cavities have potential for higher and well defined electric field patterns
compared to multimode cavities. This implies that uniform and faster heating rates

may be achieved using single mode cavities compared to multimode cavities.
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3 REVIEW OF MICROWAVE HEATING APPLICATIONS IN

MINERAL PROCESSING

3.1 Introduction

The mining industry is a major supplier of raw materials to other sectors such
as manufacturing, power plants, infrastructure etc and each year, millions of
tons of ore are mined. The ores must first be processed in order to extract the
targeted valuable minerals, a process known as mineral processing. The cost
of energy in mineral processing represents a significant proportion of the
overall cost of production. For example, it is estimated that the energy cost in
copper production is about 35% of the selling price of the metal (Dahlstrom,
1986). Vast amounts of energy are expended in crushers and grinding mills
for size reduction of ores in order to expose mineral grains from the host rock
so that they can be concentrated. Other significant energy requirements are
ore handling and metal extraction (Billiton, 2009). Energy consumption in
mineral processing is therefore a key aspect of the economic feasibility of an
ore. Lowering energy consumption in mineral processing does not only lower

the carbon footprint but could also enable processing of low grade ores.

An energy analysis conducted by the US Mining Industry demonstrated that
the largest opportunities for energy savings in mining are in materials
handling, beneficiation and processing and extraction (DoE, 2004).

Approximately 87% of energy in materials handling is used in diesel
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technologies in machines and trucks used to move ore and waste.
Comminution activities are the largest energy consumers in beneficiation and
processing accounting for 75% and slurry pumping consumes the most energy
in extraction at 41%. It has been observed that conventional comminution
techniques are highly energy inefficient and extraction techniques such as
smelting are not only energy intensive but also environmentally damaging.
There is, therefore, a need to improve existing process techniques or develop

novel technologies that are more efficient, clean, reliable and affordable.

Grinding is the most energy intensive and inefficient stage in comminution.
Grinding technologies have therefore generated more research interest than
crushing which is considered to be relatively efficient. Some authors have
suggested that grinding is inherently inefficient while others have blamed
conventional grinding equipment such as the ball mill for being highly energy
inefficient (Austin and Bagga, 1979, Fuerstenau et al., 1990, Fuerstenau and
Abouzeid, 2002, Rhodes, 1998, Schonert, 1972, Lowrison, 1974, Schoenert,
1972). More recent studies based on the concept of maximum theoretical
grinding energy efficiency have shown that there is room for improvement of
grinding efficiency (Tromans, 2008). As discussed later in this chapter, some
process benefits have been reported by using High Pressure Grinding Rolls
(HPGRs) and Semi-Autogeneous (SAG) mill based circuits instead of the
traditional ball mills (Gerrard et al., 2004, Gupta and Yan, 2006). Other work
has involved use of so called “assisted techniques” such as grinding aids and

thermal pre-treatment (Wang and Forssberg, 2007).

Thermally assisted comminution of ores has been investigated since the early

twentieth century (Yates, 1919). Previous work demonstrated that heat pre-
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treatment of rocks improves grindability but is not economically feasible due
to the vast required energy input (Fitzgibbon and Veasey, 1990). Recent
studies have shown the potential use of microwave heating technologies to
improve the efficiency of various mineral processing unit operations at
economies that favour the overall process. The potential for microwave
applications has been identified in leaching, refractory gold ore treatment,
grindability and liberation. This chapter examines the challenges and
opportunities for efficient comminution technologies. The potential of
microwave heating as an “assisted technique” for improved comminution

efficiency is discussed in detail.

3.2 Comminution in Ore Processing

3.2.1 Introduction

Valuable minerals are almost always associated with or embedded in other
rock minerals in very low proportions compared to the host rock. For example,
typical mineral to gangue ratios in copper ores are usually in the range of 0.5-
2% and may be as low as 0.01 ppm in precious metal ores such as diamonds
and gold (Wills, 2006). The objective of mineral processing is to separate
valuable minerals from each other and/or from the host rock material
(gangue) and then concentrate all the valuable minerals into a saleable
product. Therefore, to produce one kilogram of a pure copper ore concentrate
would typically require processing between 50-200 kgs of material and one

gram of diamond would require processing about 10 tons of ore.

The process by which a mineral grain is released from the host rock matrix is

known as liberation. The only practical way to achieve liberation is to crush
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and grind the rock material to expose the mineral grains either wholly or at
least partially. The process of size reduction to achieve mineral liberation is
known as comminution. The degree of liberation refers to the percentage of
the mineral occurring as free particles in the ore in relation to the total ore
content (Wills, 2006). Figure 3.1 below illustrates the degree of liberation

achieved by three fracture planes through a mineral grain.

100% liberated particl

Partially liberated particle

Figure 3.1 Liberation of mineral grains in ore comminution

3.2.2 Significance of Comminution in Ore Processing

A typical ore process flow sheet consists of crushing and grinding stages
followed by separation and recovery stages. Theoretically, if the size of the
ore is reduced to below the size of the smallest mineral grain, 100% liberation
is achieved. Above this size, some minerals will remain either partially or
completely locked with the host rock. The portion of material after separation,
which is rich in the targeted valuable minerals, is known as the “concentrate”.
The unwanted material which is disposed of is referred to as “tailings”.
Practically it is extremely difficult and also not economically attractive to
achieve 100% liberation as this would consume a vast amount of energy and

time. As a result of this (but also depending on the efficiency of the separation

41



Chapter Three: Review of Microwave Heating Applications in Mineral Processing

method) there will always be some fraction of mineral that is lost in the
tailings and conversely, a small proportion of unwanted material (gangue) will
be in the concentrate. The grade of the concentrate is a measure of amount of
targeted minerals relative to the bulk of the concentrate (Wills, 2006).
Comminution is therefore always a trade-off between an acceptable degree of
liberation, the recoverable mineral and the cost of crushing or grinding to the

required size.

The degree of liberation significantly affects the amount of recoverable
mineral. A high degree of liberation is required in processes such as froth
flotation where as much of the surface area as is possible is desirable (Feng
and Aldrich, 1999). In this case the higher the degree of liberation, the higher
the efficiency of the separation process. In other processes such as leaching
where only a small surface of mineral may be sufficient for extraction, the
required degree of liberation for efficient separation may be considerably

lower (Al-Harahsheh and Kingman, 2004).

3.2.3 Mechanism of Brittle Fracture

It is generally agreed that rocks are brittle materials although the degree of
“brittleness” is a subject of debate mainly because rocks are anisotropic and
their composition varies greatly. The mechanism of brittle fracture was first
explained in a paper published by Griffith in 1920 (Lawn and Wilshaw, 1975).
It was observed that the magnitude of stress required to fracture a material is
proportional to the length of a flaw inside the material. The property of
fracture toughness, which is defined as the ability to resist propagation of
existing cracks in a material, is now used to characterise fracture in brittle

materials (Ayatollahi and Aliha, 2007). Fracture initiates either at the tips of
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pre-existing open or closed cracks which act as stress concentrators,
intensifying the stress field at their tips (Lawn and Wilshaw, 1975). Largest
favourably oriented cracks experience the greatest crack-tip stress. The
fracture toughness of a material represents the critical level of the stress
intensity factor above which catastrophic crack extension will lead to breakage
(Bearman et al., 1997). If the remote stress at a critical crack tip is increased
until the stress intensity on the critical flaw exceeds the fracture toughness
index (K.) of the material, the cracks will grow in the plane perpendicular to
the maximum tensile stress direction until the sample is fractured (Lawn and

Wilshaw, 1975).

Three different theories based on Linear Elastic Fracture Mechanics (LEFM)
have been put forward to explain the different modes of fracture propagation.
These are discussed in detail by Fett and Munz (2003). Essentially, Mode I is
associated with tensile fracture (crack opening). Mode II and III fracture
mechanisms are both associated with crack shear either in same direction with

the crack plane (sliding) or anti-plane (tearing) as shown in Figure 3.2.

J

Mode | Mode Il Mode Il

Figure 3.2 Modes of fracture propagation in brittle materials (Fett and Munz, 2003)

(Bearman, 1991) carried out a study to examine strength tests which could be

used to characterise rocks with respect to resistance to crushing. Twelve
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different rock types were crushed using a jaw and a cone crusher. The
throughput, power consumption and product size for a range of crusher
settings and feed sizes was analysed. The results showed that the strength
parameters closely related to crusher performance are those involving tensile
based properties. It was concluded that Mode I fracture toughness and Point
Load tests best model the type of failure that occurs during comminution.
Fracture of rocks is therefore associated with tensile failure even with

compressive loading conditions typical in most comminution machines.

Fracture during comminution is propagated depending on the orientation of
the cracks inside the particle with respect to the loading conditions. If the
weak grain boundaries can act as stress concentrators, then fracture
propagation will mainly follow grain boundaries i.e. fracture will be

predominantly intergranular as shown in Figure 3.3.

Figure 3.3 Fracture propagation in ores (Left) Perfect intergranular fracture (Right)
Intergranular and transgranular fracture typical in comminuted particles (Sukumar and
Srolovitz, 2004)

From the mineral processing point of view, intergranular fracture is desirable

because liberation is achieved at approximately the same size as the grain
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(higher degree of liberation) and therefore less valuable minerals are lost in
tailings. In practice, transgranular fracturing is dominant in most conventional
comminution machines due to random orientation of particles and complex
loading conditions and particle interaction during comminution (Kelly and
Spottiswood, 1982). However, recent developments in comminution
technology have suggested that intergranular fracture may be enhanced by
using by using High Pressure Grinding Rolls (HPGR) and assisted techniques

such as heat pre-treatment. These are discussed in detail later.

3.2.4 Conventional Comminution Techniques

3.2.4.1 Crushing

Crushing is the first stage in the process of comminution and is usually
conducted in two to three stages depending on the size of the run-of-mine ore
and grinding machine. Typical reduction ratios in the crushing circuit are in the
range of 40 to 100. Blast rock of a size in the range of 200-500 mm is crushed
down to pgy of 5-6 mm (Lindqvist, 2008). The pg, is the particle size that is
larger than 80% by mass and is commonly used as a characteristic particle
size of feed or product material in mineral processing (Wills, 2006). The
mechanical stress required for ore breakage is delivered predominantly by two
mechanisms depending on the type of crusher used. Jaw crushers and cone
crushers generally operate by applying compressive pressure to the material
passing in between ‘jaws’ while impact crushers rely on impact as the major
mechanism for breakage (Bearman, 1991). As the costs associated with
grinding greatly outweigh those associated with crushing, the latter is
considered relatively efficient and most research and developments have
focused on grinding circuit optimization. Considerable energy savings in

grinding have been reported by using Impact crushers and High Pressure
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Grinding Rolls (HPGR) due to production of more fine material than the
conventional Jaw crushers (Lindqvist, 2008). The HPGR is discussed in more

detail in the next section.

3.2.4.2 Grinding

Grinding is the last stage in the process of comminution where particles are
reduced in size by a combination of impact and abrasion, either dry or in
suspension in water. It is often performed in rotating cylindrical steel vessels
which contain a charge of loose crushing bodies (grinding medium) which is
free to move inside the mill, thus comminuting the ore particles. Grinding mills
are generally classified according to the ways by which motion is imparted to
the charge into two types namely tumbling mills and stirred mills (Wills,
2006). In tumbling mills, the mill shell is rotated and motion is imparted to
the charge via the mill shell. Stainless steel balls or rods are commonly used
as grinding medium. SAG mills are similar to ball/rod mills but are
characterised by a lower ball/rod charge typically 6-15%. Grinding is achieved
via impact with the large chunks of the ore itself in addition to the grinding
medium. Tumbling mills are typically employed in the mineral industry for
coarse-grinding processes, in which particles between 5 and 250 mm are
reduced in size to between 40 and 300 uym (Wills, 2006). In stirred mills, the
mill shell is stationary and either horizontally or vertically orientated. Motion is
imparted to the charge by the movement of an internal stirrer. Fine grinding
media inside the mill are agitated or rotated by a stirrer, which typically
comprises a central shaft to which are attached pins or discs of various
designs. Stirred mills find application in very fine (15-40 uym) and ultra-fine
(<15 pm) grinding and therefore have little application in mineral processing

as it is often not necessary or not cost effective to grind ores to this size.
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Typical reduction ratios for grinding in mineral processing are usually in the in

range of 25-100.

Despite having considerably lower reduction ratios than crushing, the cost and
energy consumption associated with grinding is significantly higher than that
associated with crushing (Eloranta, 1997). Different authors have put forward
several explanations for this. The first claim is that the amount of energy
consumed during grinding is a monotonic function of surface area i.e.
Rittinger's law is obeyed. In earlier years, comminution efficiency was often
defined as the ratio of the energy of the new surface created during size
reduction to the mechanical energy supplied to the machine performing the
size reduction. In terms of this concept, the energy efficiency of the tumbling
mill is as low as 1% or less. For example, it is reported that for a ball mill, the
theoretical energy for size reduction (the free energy of the new surface
produced during grinding) is in the range of 0.1-1% of the total energy
supplied to the mill set-up (Lowrison, 1974, Ocepec et al., 1986, Rhodes,
1998). Taking a slightly different approach, another school of thought is that
breakage occurs at micro defects in the rock particles and that as the particles
get smaller, these defects are “consumed” and the remaining particles become
relatively more and more difficult to break (Lindgvist, 2008). These claims
seem to suggest that grinding is inherently energy inefficient because as the
particle size is reduced, the specific surface area increases. As the particle size
approaches zero, the number of particles and the specific surface area of all
those particles approaches infinity and the defects in the particles diminish
and therefore vast amount of energy is required to create new surfaces.
Fuerstenau and Abouzeid (2002) proposed that assessing ball mill efficiency

be in terms of the energy required to produce new surface area by
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compression loading or impact loading of single specimens and on this basis,

ball mill efficiency was found to be about 15%.

Other researchers have disputed the above methods of assessment and
argued that any useful assessment of energy efficiency should be based on
the minimum energy required in breaking the particles and not on the surface
area produced. Schoenert (1972) simply considered that the upper limit of
energy utilization in size reduction processes is that required for the
mechanical breakage of single-particles and that the maximum utilization of
energy is only obtained when inter-particle friction and inter-particle energy
transfer is absent. Tavares and King (1998) proposed that the specific fracture
energy is a better method of assessing comminution efficiency but this
method also gives an efficiency of less than 8%. Tromans (2008) suggested
that the maximum limiting energy efficiency E;m: of compression loading
comminution processes is dependent upon Poisson’s ratio and lies in the range
of approximately 7.5+£2.5% when based on the energy required to generate
new fracture surface area relative to the mechanical strain energy input.
Estimates of actual energy efficiency values (Eg), based on surface area
generated relative to the work input using the standard Bond Work Index,
were found to be in the range of 0 to 2%. By comparing the actual efficiency
with the limiting efficiency via the ratio Eg/E.imi:, the resulting relative

efficiency of comminution was found to be in the range of 3-26%.

Despite various claims as to the best option for assessing grinding energy
efficiency, there seems to be a general consensus that impact conditions in
grinding mills do not provide the best technology for efficient size reduction

and that there is potential for increase in efficiency. For example, it is claimed
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that the best conditions for energy efficiency occur when energy is applied
under low intensity of say 1 J/g or less and yet the specific impact energy in a
ball mill is about 15-20 J/g (Tavares and King, 1998). This produces an excess
of elastic energy in the load, an important part of which is finally dissipated as

heat.

3.2.5 Challenges in Comminution
Based on the criteria of increase in surface area per unit energy, developed by
Schoenert (1972) or that by Tavares and King (1998) which is based on
fracture energy, a perfect comminution machine can be described as one
which fulfils the following conditions:

e All the energy input is used to fracture the material to create new

surfaces
e Only the minimum energy required to cause fracture is utilized
e Size reduction only to achieve targeted degree of liberation i.e. no

excessive grinding

Unfortunately no perfect comminution machine is known to exist and there are
no reports of any being developed in the near future. In current comminution
equipment, more energy is used to cause fracture than is theoretically
required and a significant amount of energy is wasted in unnecessary
grinding. Although the dream of a perfect comminution machine is still
farfetched, the following specific research issues have been identified as some

of the key areas pertinent to energy efficiency in comminution (DoE, 2004).

e Developing comminution schemes that take advantage of natural

weakness in rock. Such technology could include pre-treatment of
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rocks or breakage of rocks in tension rather than in compression since
the tensile strength of rocks is weaker than the compressive strength

e Developing new ways to deliver impact energy to ores

e Developing technology to improve grinding

e Developing accurate models of fracture which can be used to predict
the behaviour of ores during comminution

e Optimizing comminution circuits to eliminate over grinding

Although some progress (which is discussed in the next section) has been
made in addressing some of the above issues, this has only led to modest
process benefits. It is clear that more research and development work needs
to be carried out. This study is aimed at developing a novel microwave
assisted comminution technique that enhances intergranular fracture in order
to increase mineral liberation and recovery and possibly lower grinding energy

requirement.

3.3 Recent Developments in Comminution Technology

3.3.1 Introduction

The last two decades have been marked by a sharp increase in global
environmental awareness. As a result, many industries are concerned about
efficiency and sustainability. In broad terms, efficiency is measure of input
savings that can be realised with technological development without
necessarily compromising output. Opportunities for improved efficiency in
comminution cut across a range of scientific and engineering aspects. In
recent years, research and developments from different professional bodies

have expanded the wealth of knowledge in the field of comminution.
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Mathematical models and computer simulations can now be used to provide
an insight of what takes place inside comminution machines. Engineering
developments have enabled improvements of conventional comminution
equipment. Process developments have provided more accurate methods of
measuring and characterising control parameters such as particle size
distribution to reduce unnecessary grinding. It is anticipated that a
multidisciplinary approach of scientists and engineers with different expertise

provides the best hope for a lasting solution to the challenges in comminution.

3.3.2 High Pressure Grinding Rolls (HPGR)

It was suggested that the most energy efficient method of comminuting
particles is to compress them between two plates (Schoenert, 1979).
Compressing a particle bed between two counter rotating rolls was achieved
by the invention of the high pressure grinding rolls (HPGR). Comminution in
the HPGR is as a result of high inter particle stresses generated when a bed of
solids is compressed as it moves down a gap between two pressured rolls
(Wills, 2006). Such inter particle stresses result in a greater proportion of
fines in comparison to conventional crushing. The HPGR has achieved
considerable interest over the last two decades due to its potential for
significant benefits in comminution circuits. Process benefits such as increases
in liberation, reduction in untreatable fines, reduction in grinding energy and
increase in grade and recovery have been reported (Aydogan et al., 2006,
Clarke and Wills, 1989, Fuerstenau and Kapur, 1995, Norgate and Weller,
1994). It has also been claimed that the Bond Work Index of the HPGR
product is significantly lower than the product of conventional crushers due to

creation of micro cracks (Clarke and Wills, 1989).
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The extent of the weakening caused by HPGR is dependent on the specific
energy input (grinding pressure) and is greater for coarser sized particles but
becomes insignificant for particles less than 1.5 mm (Tavares, 2005).
Successful application of the HPGR has been reported at the Argyle Diamond
Mine (ADM) in Australia where they have been used for tertiary crushing of
material with pgg of 75 mm since the early nineties and more recently for re-
crush of material with size range 6-15 mm. The total cost of operating a HPGR
was about 14% less than that of operating a cone crusher. The Relative
Comminution Efficiency (RCE) of the HPGR was between 51-75% higher than

for the Cone crusher depending on the size fraction (Gerrard et al., 2004).

The main advantages of HPGRs are summarised as follows (Kellerwessel,
1993):
e Less specific energy consumption and consequently less wear in
downstream ball milling
e Increased capacity of existing plants with comparatively small
investment
e Better liberation of valuable constituents
e More intense attack by leach liquor
e Comparatively low space requirement depending on the selected flow

sheet

The HPGR seems to be the most energy efficient comminution device currently
available to the mineral processing plant designer. The focus therefore should
be on the development of both the machine and flow sheet to maximize the
proportion of total comminution performed by the HPGR. Properly designed

HPGR-based circuits offer potential of significant savings in comminution
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energy requirements, increased liberation and overall operating costs when

compared to ball or SAG-mill based circuits.

3.3.3 Grinding Technologies

Until the 1970s, almost all grinding in mineral processing was carried out
using rod and ball mills. Arguably, no novel grinding technologies that
significantly differ from the tumbling technology have dominated mineral
processing to date. However, subsequent technological developments have
resulted in “improved versions” of the traditional ball/rod mill. The SAG mills
have come to dominate comminution in mineral processing. The efficiency of
SAG mills, in terms of energy consumption, has been disputed by some
authors. It is claimed that “critical size particles” can build up in the SAG mill
charge, limiting mill throughput and increasing unit power consumption
(Johnson et al., 1993). However, it has generally been agreed that removing
the critical size particles from the mill, crushing them, and returning them to
the circuit, can significantly improve the power efficiency of the circuit and
result in substantial increases in circuit throughput and efficiency (Apelt and
Thornhill, 2009, Napier-Munn et al., 1996). There have also been reports of
reduced capital cost as a result of ability to eliminate at least one grinding
step, less resistance to lining wear and grinding media capital requirement
although these are not very significant when compared to the cost of energy

(Johnson et al., 1993).

A plethora of other equipment such as IsaMill, stirred mill and tower mills
have also come into use for ultra fine grinding (Wang and Forssberg, 2007),
although these have had little application in base metal mineral processing as,

often, ultra fine grinding is either not necessary or not cost effective. Shi et al
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(2009) conducted a study to compare the performance of a laboratory scale
Vertical Impact Stirred mill with a ball mill. It was reported that there had
been an indication that on average, 30% energy savings can be expected by
using the stirred mill to replace the ball mill for coarse grinding. However, this
difference was expected to decrease to some degree when using a larger ball
mill and this claim has not been substantiated. In addition, there are reports
of other “high efficiency” mills such as the VKE (manufactured by
Microgrinding Systems Inc) and The Hicom Mill, that are associated with
vibration or eccentric impact and centrifugal actions but likewise these have
had little impact in mineral processing due to limitations in capacity and other

associated engineering and design problems (Shi et al., 2009).

Due to limited alternatives for grinding technology with respect to mechanical
stressing of particles, significant research efforts have been directed towards
optimizing performance of existing mills and grinding circuits. Several studies
have focused on enhancing performance indicators such as throughput,
energy consumption and product quality. Other studies have investigated the
effect of variations in mill load, speed, inlet water flow and feed size
distribution on performance of mills (Morrell, 2003, Powell et al., 2009, Powell
et al., 2001). Improved particle classification systems during processing can
save energy, avoid over grinding, improve product quality and increase unit
capacity. Laboratory test work has also indicated that the way circuits are
operated with respect to classifier performance and recycle load in closed ball
mill circuits could save up to 15% of the required grinding energy (Morrell,
2008). The increase in efficiency was said to result not from the view point
that more of the energy in the balls is transferred into breaking feed ore, but

that the same amount of energy is used to break more of the coarser ore
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particles and less of the finer ones, thereby changing the product size
distribution. In effect, the increase in recycle load reduces over grinding.
Other work has involved developing numerical models and computer
simulations that enable analysis of charge motion for improved mill design and
operation and to develop a so-called “virtual comminution machine”
(Venugopal and Rajamani, 2001, Morrison and Cleary, 2008). Although all
these developments have provided a wealth of knowledge about comminution
processes and some significant process benefits, they have not provided the

breakthrough in grinding efficiency that is required.

3.4 Thermally Assisted Comminution

3.4.1 Introduction

The use of heat to enhance fracture of rocks is a technique believed to have
been known since pre-historic times. Archaeological investigations have
suggested that rocks were heated before carving tools or sculpture (Guisepi,
2000). The first documented studies about the potential of preheating rocks to
enhance breakage date back in the early 20" century (Yates, 1919, Holman,
1926). This early work showed that heating quartz and immediately quenching
it in cold water weakened it so much that it could be crushed between finger
and thumb and passed through a 500 pm screen. Although these initial
findings seemed very promising, to date nearly 100 vyears later, this
technology has not been developed to benefit comminution in mineral
processing mainly due the vast energy input requirement. In this section, the
scientific aspects of thermally induced fracture in rocks will be examined. A
review of research work on challenges and potential of thermally assisted

comminution in mineral processing will be presented.
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3.4.2 Thermal-Mechanical Properties

3.4.2.1 Introduction

Extensive work has been carried out on the physical and chemical properties
of common minerals that constitute most rocks and ores. There is a wealth of
data on the mechanical and thermal properties of most important minerals.
The bulk ore properties are influenced by the properties of the composite
minerals and their association. In order to explain the phenomenon of
thermally induced fractures in rocks, there is a need to couple the thermal and

mechanical properties of composite minerals.

3.4.2.2 The Point Load Strength Index

Just like other materials, the mechanical strength of rocks is defined with
respect to the loading conditions. The International Society for Rock
Mechanics (ISRM) describes various standard methods for in situ and
laboratory testing of different strength properties of rocks such as hardness,
fracture toughness, tensile and shear strength and other physical properties
such as density and porosity. As stated in Section 3.2.3, the strength
properties of rocks that are of greatest significance to comminution are those

related to tensile strength and in particular the mode I fracture toughness.

There are various methods for testing the fracture toughness of a material.
The ISRM recommends the Chevron Notched Short Rod (SR) and the Chevron
Notch Round Bar in Bending (CB) tests. Despite the standardisation of the
fracture toughness test, its use in rock characterisation is not widespread
mainly because of lengthy sample preparation and testing procedure.
Bearman (1999) provided a correlation between the mode 1 fracture

toughness index (K;c) and the Point Load Index (Is). The Point Load test was
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developed by Broch (1971) and standardized by ISRM in 1985 (ISRM, 1985).
It was incorporated into the American Society for Testing and Materials in
1995 (ASTM D5731-95). The test is basically performed by loading a sample
between two platens thereby inducing a tensile stress using an external

compressive load as shown in Figure 3.4 below.

Figure 3.4 Schematic of a sample under Point Load testing

The Point Load Index (I) is given by:

P
I, = =3 (3.1)
Where I = Point load Index (MPa)
P = Maximum Load (kN)
D = Distance between the loading platens (mm)

I, varies with geometry of the test specimen and so a corrected value
equivalent to I of a specimen of 50 mm (Iss0)) is used as the standard. In

addition, the concept of an equivalent depth D, (which is the diameter of an
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equivalent circle) is used for irregularly shaped test specimens. Equation 3.2 is

generally used to obtain the standardised index for a test specimen of any

shape.
550y = (?‘S)Ms x(52) (3-2)
Where D, = (‘”fT’D )0'5 (3.3)
w = Width of the sample (mm)

The relationship between the Point Load Index and Mode I fracture toughness
is given by Equations 3.4 and 3.5 (Bearman, 1999). Equation 3.4 is used for
diametric testing on cores while Equation 3.5 is used for irregular test pieces

or axially tested core samples.

29.84P
KIC = pL5 (34)
26.56P
KIC = (WD)I.S (35)
Where K¢ = Mode I fracture toughness (MN/m?*?)
P = Force at failure (kN)
D = Distance between the point load platens (mm)
w = Minimum width of test piece (mm)
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The Point Load test is flexible and simple compared to other conventional
testing methods. The specimen fails at much lower loads than in compression
so no bulky equipment is required (Broch, 1971). The time required to
perform the test is much less as no special preparation of specimens is
required and the method of loading is simple as well. Due to anisotropy in
most rocks, it is recommended that several tests be carried out. Some authors
have suggested that ten or more tests are required to be within 96%
confidence interval of the mean strength (Yamaguchi, 1970). However, the
author’s experience, which is discussed in detail in the next chapter, has cited
some limitations of this method and also observed that far more particles
(possibly in hundreds) need to be tested to obtain a good degree of
confidence. Some care should also be taken when selecting particles to be

tested.

3.4.2.3 Heat Capacity of Minerals

Different materials usually heat at different rates even when exposed to the
same thermal energy. The inherent property of a material that determines its
heating and cooling rate is known as the heat capacity of the material. The
specific heat capacity of a material is defined as the energy required to raise
the temperature of a unit mass (1 kg) of material by one Kelvin (Borgnakke,
2008). The standard units are J / kg K. The specific heat capacity of a material
may be measured under constant pressure (c,) or under constant volume (c,)
but ¢, and ¢, values at room temperature are equal to within 1% (Cezairliyan,
1981). The specific heat capacity values of common rocks and minerals are

quoted in various scientific texts such as (Touloukian et al., 1981).
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G G G, a b c
Mineral 298 K 500 K 100 K (J/kg K)  (I/kg K2) (3 K/kg)
(I/kg K)  (I/kg K) (3/kg K) x10°
Calcite 818.70 1051.00 1238.50 1045.16 0.219 -26
Rutile 688.75 850.75 933.75 916.82 0.038 -21
Sphalerite 467.63 514.85 557.01 507.69 0.054 -5
Quartz 740.50 991.17 1167.17 682.83 0.743 -14
Feldspar 567.23 951.73 1175.83 1857.21 0.418 -45
Fluorspar 860.90 925.51 1248.33 529.38 0.711 11
Barytes 436.65 546.39 591.80 606.94 0 -15
Wolframite 377.46 454.52 527.33 437.04 0.098 -8
Dolomite 843.32 1015.54 = 843.62 0.436 -12
Corrundum 772.84 1057.16 1217.16 1151.83 0.102 -36
Gypsum 579.36 695.23 982.27 408.18 0.574 0
Bauxite 338.21 338.21 = 387.28 0 0
Cassiterite 348.34 450.93 539.34 440.17 0.110 -11
Hematite 654.81 820.31 641.25 614.23 0.486 -9
Ilmenite 654.61 774.41 874.01 767.15 0.120 -13
Chalcopyrite 516.52 597.01 1068.70 -134.38 1.203 0
Pyrite 517.08 600.42 683.83 574.60 0.117 -8
Pyrrhotite 572.61 827.27 693.18 580.05 0.113 0
Chalcocite 477.00 604.19 529.00 529.01 0 0
Magnetite 654.22 829.91 865.65 394.64 0.871 0
Bornite 487.30 740.42 659.94 413.08 0.291 -1
Galena 208.95 215.23 234.94 195.54 0.039 0

Table 3.1 Specific heat capacity (c,) and coefficients of heat capacity of selected
minerals at different temperatures (Knacke and Hesselmann, 1991)

The energy into a material is related to the specific heat capacity of the

material by Equation 3.6.

Q = mc, AT
Where Q = Energy (J)
m = Mass (Kg)
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c = Specific heat capacity (J / Kg K)

AT

Change in temperature (K)

Equation 3.6 shows that for same energy input, the higher the specific heat

capacity, the lower the temperature change. Table 3.1 gives values of ¢, of

common minerals. It is evident that minerals such as calcite, quartz and
fluorspar experience considerably slower heating rates than others such as
galena, bauxite and cassiterite. Such differences in heating rates inside a
multi mineral ore induce stress as a result of differences in thermal expansion.
Specific heat capacity varies with temperature for most solids. The

relationship between temperature and c, is given by Equation 3.7.

¢, =a+bT +cT™? (3.7)

Where a, b and c are constants known as the coefficient of heat capacity of

the material (see Table 3.1)

3.4.2.4 Thermal Conductivity of Minerals

In solids, heat is transmitted mainly by the conduction mechanism. This
involves transfer of energy between neighbouring vibrating molecules or free
electrons (Borgnakke, 2008). The thermal conductivity of a material is the
property that relates to its ability to conduct heat. The general equation for
heat flow through a slab of material is derived from Fourier's law of heat

conduction and is given by Equation 3.8.
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Q _ kA®B2=61)

. ] (3.8)
Where Q = Heat conducted (W)

t = Time (s)

A = Surface area of slab (m?)

0, = Original temperature (°C)

0, = Final temperature (°C)

l = Length of slab (m)

k = Thermal conductivity (W/m K)

Re-arranging Equation 3.8;

__ el
k = 420,00 (3.9)

Due to the degree of anisotropy of most minerals and rocks, thermal
conductivity varies in different directions and values of thermal conductivity
are usually measured relative to the mineral’s optical axes (a, b or c) or by
the diagonal elements of the thermal conductivity tensor ki;, ki, or Kkss
(Clauser and Huenges, 1995). Table 3.2 gives values of thermal conductivity

(k) of selected minerals.
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Mineral ki W/m K (30°C) k W/m K (30°C)
a-directional
Diamond 545.3 155.0
Graphite 355 =
Ice 1.9 4.0 (-125°C)
Talc = 6.1
Magnetite 9.7 5.10
Hematite 14.7 11.28
Sphalerite 26.61%
Pyrite 37.9 19.21
Pyrrhotite = 4.6
Galena - 2.28
Gypsum 2.6 -
Calcite 4.2 3.59
Quartz 6.5 7.69

Table 3.2 Variation of thermal conductivity of minerals with temperature(Clauser and
Huenges, 1995) *- direction of measurement not specified

From Table 3.2 above, it can be seen that thermal conductivity varies greatly

with different minerals. For example, the thermal conductivity of pyrite is

approximately five times that of quartz and nearly ten times that of calcite.

The thermal conductivity of a material is related to its specific heat capacity by

thermal diffusivity which is the ratio of thermal conductivity to volumetric heat

capacity. This relationship is expressed mathematically by Equation 3.10.

Where a

Thermal diffusivity (m?/s)
Thermal conductivity (W/m K)

Density (kg/m?)

Specific heat capacity (J / Kg K)

63

(3.10)




Chapter Three: Review of Microwave Heating Applications in Mineral Processing

Equation 3.10 shows that materials with high thermal conductivity easily

transmit heat in comparison to heat storage.

3.4.2.5 Thermal Volumetric Expansion

When a material is heated (or cooled), the energy stored in the intermolecular
bonds between atoms changes. This change affects the size of the bonds and
as a result, all matter generally expands in response to heating and contracts
when cooled. This dimensional change is expressed by the coefficient of
thermal expansion and may be linear or volumetric. For bulk solids, the

dimensional change is often characterised by the volumetric thermal

expansion coefficient (a,) of the material, given by Equation 3.11 (Clark,

1966).
14

% = V000 (34D
Where a, = Volumetric thermal expansion coefficient (K™!)

6, = Initial temperature (K)

0, = Final temperature (K)

v, = Original volume (m?)

sV = Change in volume (m?)

By re-arranging Equation 3.11, an expression (Equation 3.12) for the change
in volume that occurs when a material is heated or cooled can be obtained.
Equation 3.12 shows that thermal expansion (or contraction) of a material is

proportional to the change in temperature.
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SV = (ZVVO(QZ - 91) (3.12)

Table 3.3 below gives the volumetric thermal expansion coefficient, a, (10

m?>/ K) of some common minerals at different temperatures.

Mineral 373 K 473 K 673 K 873 K 1073 K 1273 K
Calcite 13.1 15.8 20.1 24.0 - -
Rutile 22.7 24.1 25.4 25.8 26.4 13.1
Sphalerite 19.5 24.4 23.6 24.8 25.5 13.1
Quartz 45.0 43.3 49.7 77.9 56.6 13.1
Feldspar 6.1 8.6 15.3 20.4 24.4 13.1
Fluorspar 58.7 62.2 - - - -
Barytes 54.2 56.8 62.6 - 13.1 -
Corrundum 17.8 19.6 22.5 24.1 24.9 13.1
Hematite 25.2 26.9 30.9 - - -
Chalcopyrite 52.5 - - - - -
Pyrite 27.3 29.3 33.9 = = =
Pyrrhotite 66.2 - - - - -
Magnetite 26.5 28.5 34.9 39.3 41.5 43.4
Galena 61.2 61.0 63.2 66.8 = =

Table 3.3 The variation of volumetric expansion coefficient with temperature for
selected common minerals (Clark, 1966)

It is clear from the above table that the thermal expansiveness of common
minerals associated with rocks and ores varies greatly. Although all values are
in the same order of magnitude, this variation is still significant considering
that the thermal expansion of solids is generally low compared to say fluids.
Very small changes in volume can induce a significant imbalance in stress

equilibrium as will be discussed later.

65



Chapter Three: Review of Microwave Heating Applications in Mineral Processing

3.4.3 Microwave Heating of Minerals

The ability of microwaves to heat a wide range of dielectric materials was
discussed in the last chapter. The first attempt to heat minerals using
microwaves is reported to have started as early as 1967 (Ford and Pei, 1967).
Microwaves were used to heat a number of reagent grade metal oxides and
sulphides. Between 10-200 g of a powdered sample was heated by
microwaves at 50-200W and 2.45 GHz. It was concluded that dark coloured
compounds heated rapidly to temperatures of over 1000°C and the heating
rates of dark coloured compounds were much higher than those of light
coloured compounds. Although this work was not very comprehensive, it
seems to have triggered an interest in microwave heating of ores and possible

applications of microwaves in mineral processing.

Subsequent work on microwave heating of minerals was reported by several
authors (Chen et al., 1984, Jacobs, 1982, Wong and Brace, 1979). Jacobs
(1982) showed that pyrite could be oxidised to pyrrhotite when subjected to
microwave radiation. Chen et al (1984) investigated the heating rate of forty
minerals individually using microwave energy. Minerals were heated for
between 3-5 minutes using microwave power of between 30-150 W at 2.45
GHz. Due to difficulties in measuring temperature, samples were categorized
according to qualitative observations. The first group comprised of minerals
where little or no heat was generated and the mineral properties remained
essentially unchanged. The second group of minerals generated significant
heat but remained thermally stable. The last group comprised of minerals that
generated significant heat and decomposed/reacted rapidly into a different

product. Table 3.4 summarises the full results obtained from this study.
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Heat generated but
mineral thermally

Very little or no heat

Readily heated and

generated at all . decomposed

eCarbonates eMetal oxides eMetal Sulphides

Aragonite, calcite, Cassiterite, Arsenopyrite,

dolomite, siderite hematite, magnetite, chalcopyrite, galena,
nickeline/cobaltite pyrite, pyrrhotite,

eSlicates tetrah_edrite, bornite

Almandine, allanite, eUranium Metals covellite*

anorthite, gadolinite, Pitchblende

muscovite,

potassium feldspar,
quartz, titanite,
zircon

eSulphates
Barite, gypsum

eOxides
Fergusonite ,
allanite, columbite,
monazite

eOthers
Sphalerite (low-Fe),
stibnite, tennantite,
jarosites

Table 3.4 Microwave heating of selected minerals according to observations made by
Chen et al (1984) *- difficult to heat but sulphur fumes emitted

It was observed that most silicates, carbonates and sulphates which are
common gangue minerals in most ores are not readily heated by microwaves.
However, the metal semi-conductors such as metal sulphides and oxides were

easily heated by microwave energy.

The major test work that followed from above was conducted by the US
Bureau of Mines and is reported by (Walkiewicz et al., 1991, Walkiewicz et al.,
1988). In this work, a more detailed and qualitative study of microwave
heating characteristics of a number of minerals and reagent grade inorganic

compounds was carried out. All heating tests were conducted on same mass

67



Chapter Three: Review of Microwave Heating Applications in Mineral Processing

of powdered sample of 25 g using a 1 kW power generator at a frequency of
2.45 GHz. The maximum temperature attained was measured accurately
using a thermocouple. The test results obtained were similar to those obtained
by Chen et al (1984) but this work provided temperatures which were attained
after heating. Highest temperatures of over 1000°C were obtained with carbon
and most of the compounds that heated readily as shown in Table 3.4 after
just a few seconds to microwave exposure. None of the minerals described as
“bad heaters” in Table 3.4 recorded a temperature of above 80°C after the
same duration of heating. This study also revealed rapid heating of ore
minerals within a non-heating matrix which generated thermal stresses of
sufficient magnitude to create cracks along mineral boundaries. The studies
concluded that some indication had been given to potential application of
microwave energy in metallic ore processing. Other similar work and results

were reported by McGill (1988).

Microwave heating of minerals may be predicted from its dielectric properties.
Currently, there are devices designed to measure the dielectric properties of
solids and fluids at different frequencies and temperatures with relative ease.
It is therefore possible to predict how the heating rate of minerals changes
with frequency and temperature. Cumbane (2003) investigated the variation
of dielectric properties of five powdered sulphide minerals with frequency and
temperature using the cavity perturbation technique. The samples were
examined at frequencies of 625 MHz, 1410 MHz and 2210 MHz over a
temperature range of 0-650°C. The dielectric properties of galena (PbS) and
sphalerite (ZnS) exhibited little variation with temperature, whilst pyrite
(FeS), chalcocite (Cu,S) and chalcopyrite (CuFeS,) showed significant

variation with temperature. These findings were consistent with observations
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made by previous work involving the direct heating of minerals which showed
that pyrite and chalcopyrite reacted easily to form other products while galena

and sphalerite remained thermally stable (see Table 3.4).

3.4.4 Microwave Selective Heating of Ores

Ores essentially consist of discrete multi mineral grains, cementitious
materials and voids containing air or fluids usually water. Each of these
components typically has different thermal, dielectric and mechanical
properties. During microwave heating, energy is absorbed volumetrically and
microwaves directly heat each constituent phase of a material individually.
Microwave heating is therefore largely independent of surface temperature
and thermal diffusivity of the material and because of differences in dielectric
properties; it is possible to have different phases in the ore with a very high
temperature gradient which is not possible with conventional heating
techniques which rely on transfer of heat across a temperature gradient to

heat the bulk of the material.

Due to abundance of oxygen and silicon in the earth’s crust, most minerals
are found associated with compounds of silicon and oxygen (silicates) which
do not absorb microwave energy. The valuable minerals usually occur as small
grains with different sizes and distribution pattern. Most valuable minerals
such as chalcopyrite, pyrite, galena, hematite, magnetite etc are easily heated
by microwaves (see Table 3.3). Microwaves are therefore capable of heating
the mineral grains to very high temperature without heating the gangue
material and with overall low bulk temperature. Inevitably, there will be some
conduction between the phases but because microwave heating takes place

rapidly, this effect may be minimized.
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3.5 Microwave Assisted Comminution of Base Metal Ores

3.5.1 Introduction

Microwave selective heating of ores has been investigated for potential
application in thermally assisted liberation. The major economic incentive for
microwave selective heating is that energy is not wasted in heating the bulk of
the ore and thermal conversion efficiency is very high. Microwave heating is
also very rapid and this may lead to very sharp differences in temperature
gradient and subsequently differential expansion of the constituent phases.
The resultant thermal stresses may be exploited in mineral processing. The
next sections of this chapter present a review of recent scientific and

engineering research work on microwave assisted comminution.

3.5.2 Initial Investigations into Microwave Assisted Comminution

Early test work regarding the potential for microwave assisted comminution
was reported by (Walkiewicz et al., 1991, McGill, 1988, Walkiewicz et al.,
1988, Veasey and Fitzgibbon, 1990). All these authors stressed that
microwave heating could have future potential applications in mineral
processing. For example, it was demonstrated that microwave heating
produced thermal stresses of sufficient magnitude to cause both transgranular
and intergranular fracturing in some ores with the degree of fracturing
increasing as the power density increased. However, it was concluded that the
high energy input makes microwave pre-treatment of ores commercially
unattractive. All these studies were conducted in kitchen microwave-like
equipment with reported powers of between 300 W and 3 kW and heating
exposures of between a few seconds to a couple of minutes. It also seems

that these initial investigations were mainly based on previous observations by
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microwave heating of minerals and lacked a comprehensive understanding of

the theoretical and scientific aspects of microwave interactions with materials.

3.5.3 Effect of Microwave Heating on Point Load Index

It was stated in Section 3.2.3 that the point load test provides an effective
method of predicting the amenability of ores to comminution. Kingman et al
(2004) carried out point load tests on a lead-zinc ore before and after
microwave treatment in both single mode and multimode cavities. Unlike
previous studies which were carried out using “kitchen- like” microwaves, this
study used a specially designed heating system incorporating an E-H plane
automatic tuner to match the impedance of the generator and waveguide to
that of the applicator and its load, thus ensuring maximum absorbance of
microwave energy by the load. Microwaves were generated using a 3-15 kW
variable power generator operating at 2.45 GHz and treatments were carried
out at 5, 10 and 15 kW for 1, 5 and 10 s. The results showed that significant
reductions in strength of up to 55% of original were possible after only 1 s of
heating when using a power level of 15 kW. For lower power levels, similar
reductions were achievable only after prolonged heating of up to 10 s (See
Figure 3.5). There was also evidence that it is possible to induce only a certain
amount of thermal damage for a certain applied power level. Samples treated
at 15 kW exhibited significant reductions in strength after only 1 s of
treatment but showed little further decrease in strength with an increase in

exposure time.
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Figure 3.5 Variation of Point Load Index with microwave power and exposure time in
multimode cavity (Kingman et al., 2004)

Similar work was carried out on a South African copper carbonatite ore
consisting of mainly calcite and dolomite as microwave transparent phases
and magnetite as the major microwave absorbing phase but also copper
bearing sulphide minerals mainly cubanite, chalcopyrite, bornite and
chalcocite. The same microwave system described earlier was used but
heating was carried out in a TE;p, single mode cavity with reduced exposure
times of 0.1, 0.5 and 1 s. Point load test results showed that significant
reductions in strength are possible with exposure times as short as 0.1 s (See
Figure 3.6). This underlined the importance of the electric field strength and
further demonstrated that microwave pre-treatment of ores is effective at

much lower energy inputs than previously thought.
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Figure 3.6 Variation of Point load Index with microwave power and exposure time in
single cavity (Kingman et al, 2004)

Reports of ore weakening after microwave treatment were also reported by
(Olubambi et al., 2007, Scott et al., 2008) although these studies were based

on energy inputs that do not make the process cost effective.

3.5.4 Effect of Microwave Heating on Comminution Energy
Requirement

From the discussions of the previous section, there is a general consensus
amongst different authors that microwave pre-treatment lowers the ore
mechanical strength. What is debatable is the effect this has on downstream
processing and whether the benefits of microwave treatment can justify the
capital and operating costs associated with inclusion of a microwave pre-
treatment stage in the process flow sheet. This uncertainty may be partly
answered by analysing the effect of microwave pre-treatment on required

comminution energy. As was discussed earlier in this chapter, comminution
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processes are complex and there is no established technique that can

accurately predict comminution energy requirements from laboratory testing.

Kingman et al (1999) investigated the influence of mineralogy on microwave
assisted grinding. A massive Norwegian ilmenite ore, a massive sulphide ore
from Portugal, a highly refractory gold ore from Papua New Guinea and an
open pit carbonatite ore from South Africa described in Section 3.5.3 were
irradiated with microwaves for varying time periods at a power level of 2.6 kW
and a frequency of 2.45 GHz in a multimode oven. For each ore, the change in
Bond Work Index with exposure time was determined using Equations 3.13
and 3.14. The Bond Work Index is defined as the energy input required to

reduce the size of feed material from infinite size to dgg=100 pm.

wi=2-= (3.13)
10 10

Wi, = Wi, x tr e (3.14)

77
Where Wi = Bond Work Index (kWh/t)

P = dgg of product (um)

F = dgo of feed (um)

wi, = Bond Work Index of test material (kWh/t)

wi, = Bond Work Index of reference material (kWh/t)

P. = dgo of product of reference material (um)

E. = dgo of feed of reference material (um)

P, = dgo of product of test material (pm)

F, = dgo of feed of test material (pm)
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The results showed that microwave treatment had a significant effect upon
ilmenite and carbonatite ores which contained several good absorbers of
microwave energy in a matrix of poor absorbing material. A mineralogical
investigation of the ilmenite ores which showed the highest reduction in Bond
Work Index revealed that the ore contained coarse grains of magnetite
(excellent heater) and ilmenite (good heater) in a plagioclase (poor heater)
matrix. Other downstream process benefits like increased magnetic separation
and recovery were also reported. The refractory gold ore which did not show
significant changes in the Bond Work Index contained finely disseminated
pyrite grains in K-feldspar and quartz gangue. It was suggested that for
effective microwave treatment, ores should have a consistent mineralogy and
a good absorber of microwave radiation in a transparent gangue matrix. The
study also concluded that small particles that are finely disseminated in
discrete elements respond poorly to microwave treatment in terms of
reductions in required grinding energy. It was also stated that use of purpose
built and more efficient microwave heaters was required in order to make
microwave treatment of ores economically attractive. Similar studies were
conducted by Vorster et al (2001) who investigated the effect of microwave
treatment on a Neves Corvo copper ore. Samples of the ore weighing
approximately 0.5 kg were treated with microwave energy at 2.6 kW and 2.45
GHz for different durations. The samples were then ground to approximately
80% passing the 53 um sieve. The results showed up to 70% reduction in the

Bond Work Index for samples treated for 90 seconds (Vorster et al., 2001).

The pendulum and drop weight tests have been successfully used to predict
comminution behaviour of single particles (Groves, 2007). The twin pendulum

test relies on the particle being broken between an input pendulum released
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from a known height and a rebound pendulum. The drop weight test differs
from the pendulum test in that the particles are placed on a hard surface and
struck by a falling weight. Both methods are based on energy models (energy
input versus product size) but are limited in scope when considering the actual
process in comminution machines. This is mainly because of the dynamic
nature of interaction of particles during comminution. The methods are
however very useful in comparing how different rocks are likely to behave or

investigate the influence of microwave pre-treatment on strength.

In the drop weight test, samples of material are crushed as individual particles
at a combination of energy inputs and size fractions using a drop weight test
apparatus. After each test has been completed, the resulting fragments from
each individual drop are collected and sieved to give the complete cumulative
product size distribution. The size distributions are then used to determine
breakage functions for the material from which the required comminution
energy to induce a certain degree of breakage can be calculated using

Equation 3.15.

typ = A[1 — e P (3.15)
Where ECS = Specific Comminution Energy Input (kWh/t)

tio = Amount passing 10% the original mean size

A = Breakage parameter (essentially the theoretical

maximum value of t;,)
b = Breakage parameter indicating softness of the

material
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According to Bearman et al (1997), the parameters A and b be can be

estimated from Equations 3.16 and 3.17 below.

b = 2.2465 x Ky 16986 (3.16)
Ab = 126.96 x Kjc 18463 (3.17)
Where Kic = Mode I fracture toughness index that is estimated

using Equations 3.4 and 3.5

Kingman et al (2004) conducted drop weight test studies on the South African
carbonatite ore which was described in Section 3.5.3 to compare the required
breakage energy of microwave treated and untreated samples. A 3-15 kW
variable microwave power generator operating at 2.45 GHz was used. For
each drop weight test, fifteen samples were tested in five size fractions at
three levels of energy input. The results showed an increase in the impact
breakage parameter (b-values) for treated material. For example, particles
treated at 15 kW for 0.2 s had a b-value of 2.35 compared to a value of 1.61
for the untreated material. This indicated an increase in softness of the
treated ore samples, which in turn suggests improved grindability after
microwave treatment. There was no apparent reduction in ECS for the larger
size fractions (average size of 41.08 and 57.78 mm) but smaller values of ECS
were observed for the treated material in the smaller factions. For example, to
produce a t;, of 10% from particles with an average feed size of 14.53 mm
would require a comminution energy input of 0.1 kW h/t for the untreated and
0.06 kW h/t for the treated material indicating a 60% reduction in required
breakage energy. As stated earlier, the breakage pattern in drop weight

testing is significantly different from that in comminution machines and the
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ECS values reported may differ from comminution energy in commercial
plants. However, this study demonstrated that there is potential for

microwave pre-treatment to reduce comminution energy requirement.

3.5.5 Effect of Microwave Heating on Mineral Separation and
Recovery Processes

The efficiency of mineral recovery processes is highly dependent on the
efficiency of the separation process. Different techniques are utilized to
separate the targeted valuable minerals from each other or from the
unwanted gangue material. The choice of the separation process involves both
economical and technical considerations. The major technical consideration is
the mineralogy of the ore and the physical and chemical properties of the
constituent minerals and gangue. For example magnetic separation methods
could be used to separate paramagnetics such as ilmenite (FeTiOs) or
hematite (Fe,03) from non-magnetic gangue such as quartz. Dense Medium
Separation (DMS) techniques are used to separate materials by utilizing the
difference in specific gravity of different minerals in response to gravity. Froth
flotation is a physico-chemical separation process that utilizes the differences
in surface properties of valuable minerals and unwanted gangue material in a
three phase agitated mix (Wills, 2006). Other separation processes include
leaching (differences in solubility in a solvent) and electrical separation

techniques.

Scott et al (2008) conducted studies on the effect on microwave treatment on
the liberation spectrum of a rod milled, low grade copper carbonatite ore
based on quantitative mineralogical analysis. The ore consisted of

approximately 50% microwave absorbing material occurring predominantly as
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magnetite with small amount of copper sulphides (less than 0.5%). The non
absorbing gangue material consisted mainly of calcite and dolomite. The
microwave system used for treatment was similar to that used by Kingman et
al (2004) described earlier but treatments were carried out at a power level of
10.5 kW for 0.5 s. Grinding was conducted in a laboratory scale rod mill to
produce a product with a dgg of 800 um for both treated and untreated
material. Liberation analysis was carried out using a QEMSCAN over particle
size ranges from 850 pym to 25 pym. Over the whole rod mill product (i.e. -
850+25 pm), the results did not show any significant changes in magnetite or
copper mineral liberation for the microwave treated and untreated ores.
However, the liberation of all mineral grains at each size class showed that
there is a general trend with a displacement of more liberated minerals to the
higher size classes. The results suggested a change in the fracture pattern
after microwave treatment where the mineral grains have most likely been
shielded from fracture by the cracking induced around the microwave
susceptible mineral phases (Scott et al., 2008). The implication of these
findings in mineral processing was that microwave pre-treatment has potential
for increased liberation at coarser sizes hence saving on both time and energy

required for finer grinding.

Kingman et al (2004) carried out liberation tests on treated (15 kW, 2.45 GHz,
0.2 s) and untreated samples of the carbonatite ore produced after the drop
weight test described in the last section. Tests were conducted on four
different size classes viz +500, -500+150, -150+38 and -38 um. The results
showed a significant increase from 31.8% to 69.2% for copper sulphide
liberation in the coarser size fraction (+500 pm). No significant changes were

observed for the other size fractions. Kingman et al (1999) and Amankwah et
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al (2005) also reported an increase in gold recovery of up to 98% and 20% in
refractory gold ores from the Lihir gold mine in Papua New Guinea and Ghana,
respectively, after treatment with microwave energy. Another claim of
increased liberation after microwave treatment was reported by (Wang et al.,

2000) who conducted studies on a low grade copper ore.

Kingman et al (1998 and 1999) also investigated the effect of microwave
radiation upon the mineralogy and magnetic processing of several minerals.
Treatments were carried out for 5 minutes using a 650 W kitchen type
microwave. A magnetometer was used to determine the magnetic
susceptibility of the minerals before and after microwave treatment.
Significant increases in magnetic susceptibility were recorded for chalcopyrite,
ilmenite, hematite and wulframite. A reduction in magnetic susceptibility was
recorded in bornite, pyrrhotite and magnetite. This reduction was attributed to
possible changes within the iron structure after microwave treatment although
this claim was not substantiated. The result however highlighted the potential

for enhancing magnetic separation processes of certain ore types.

Groves (2007) investigated the magnetic separation enhancement and
liberation of a sulphide contaminated ore and a low grade copper ore
respectively. The study investigated the opportunities for magnetic separation
of iron sulphide impurities from the talc ore by utilizing microwave energy to
enhance the magnetic susceptibility of the sulphide phases. A microwave
power of 3 kW at 2.45 GHz was used to treat approximately 1 kg batch
samples for duration of 120 s. The design of the microwave cavity used for
treating the samples allowed for an even electric field whilst the base was

fluidized for oxygen or nitrogen during oxidation and desulphurisation
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processes respectively. Each sample of treated and untreated material was
then screened into different size fractions which were then passed through a
magnetic separator. However, the results obtained did not suggest the
potential for enhanced magnetic separation. There was a reduction in the
content of magnetic sulphides after microwave treatment. The reduction was
more significant in the coarser size fractions (>2 mm) and less significant in
size fractions less than 1 mm. After further investigations, it was noted that
the pyrite impurities in the talc ore may have been, in fact pyrrhotite, in which
case exposing the latter to microwave energy may have altered some of its
properties and rendered it non-magnetic. Tests conducted on the low grade
copper ore after microwave treatment showed a shift from transgranular
fracture to predominantly intergranular fracture and also showed an increase

in degree of liberation of chalcopyrite.

The literature on effects of microwave heating of ores discussed in this section
has demonstrated the potential for microwave heating to enhance
comminution and improve mineral liberation. It is noted that most of this work
was carried out using high energy inputs which on the face of it do not favour
the overall process economics. However, it was also pointed out that
significant benefits may be realised using much lower energy inputs than
those reported in these studies if further research and development work is
carried out. It was stressed that purpose built microwave treatment systems
be developed and further research into finding ways of enhancing microwave
induced fracture be carried out. It is important to have an in-depth
understanding of the scientific and engineering aspects of microwave heating
of ores in order to deduce how microwave induced fracture can be enhanced

using modest energy inputs. The next section will focus on investigations that
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have been carried out in order to understand microwave induced fracture and
how it can be enhanced. The engineering aspects of microwave heating are

discussed later.

3.6 Understanding Thermal Stresses due to Microwave Selective

Heating

Analysis of thermal stresses due to microwave heating is necessary in order to
understand how microwave induced fracture occurs in ores and how this can
be maximized to benefit downstream processing. Salsman et al (1996)
investigated the thermal-mechanical response of a typical ore subjected to
microwave heating. This study illustrated the relationship between microwave
power density, temperature gradient and induced thermal stresses. The
simulation was geometrically simplified by considering only a single spherical
pyrite mineral particle surrounded by a larger spherical calcite rock. The
temperature and stress profile at power densities of 10'°, 10*?> and 10** wm™3
after heating for 1 s, 40 milliseconds and 40 micro seconds was modelled. The
results from the model showed that the temperature gradient between the
two phases increases with increase in power density. At a power density of
10 W/m? and heating period of 1 s, there was virtually no difference in
temperature between the two phases. At a power density of the order of 10*?
Wm3, the average temperature in the pyrite phase after 40 milliseconds was
about 1000 K while that in the calcite phase gradually dropped to about 750 K
over a radial distance of 150 uym. At 10'* W/m? with an exposure period of 40
us, the temperature gradient was in excess of 1200 K. These results clearly
illustrated that the temperature gradient is increased with an increase in

power density. Although the author did not construct a model for same power
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density but different heating periods, these results also seem to suggest that
the temperature gradient is increased with decrease in heating period, most
likely as a result of a reduction in thermal diffusion between the pyrite and

calcite phases.

The maximum principal stress profile was computed from the temperature

profile by using Hooke’s law for thermo-elasticity given by Equation 3.18.

1

&r = 70 —v(0ge +0,,)] +aT (3.18)
Where Err = Strain component (m)

0y = Stress components (N/m?)

E = Young’s modulus

v = Poisson’s ratio

a = Thermal expansion coefficient

T = Temperature (K)

As the energy deposition rate increased, the compressive stress in the pyrite
increased substantially. The stress gradient increased likewise as the stress
changed from compressive to tensile across the mineral interface. For the two
lower power densities, the peak tensile stresses in the calcite near the
material interface were only of the order of 20 to 30 MPa, but at the higher
power density of 10'* W/m3, the peak stress was significantly higher at about
360 MPa. It is worthy to note that the tensile stress of most rocks is much less

than this and is reported to be in the range of 3 to 10 MPa (Vutukuri et al.,
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1974). Thus the thermal stresses obtained from this model would most

certainly result