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Abstract

There is a huge potential to optimise the froth flotation industry as even small im-
provements in the extraction of metals from the mineral ores can translate to a substan-
tially higher revenue. Typically, laboratory studies into froth flotation involve batch tests
where the system does not operate at steady-state, making it difficult to directly apply
results to industrial systems. In this work, a continuously overflowing flotation cell, which
does operate at steady state, has been used to investigate the effects of different operating
conditions on flotation performance. This work used two experimental systems which are
more comparable to industrial systems than previous studies using the same bench scale

flotation cell.

The first system investigated in this thesis used a copper tailings ore. The effects of
varying the particle size distribution on the flotation performance and froth stability were
investigated. For the first time, a direct comparison between two measures of stability was
made, and both measures showed an optimum in froth stability with an intermediate par-
ticle size distribution. This optimal particle size distribution also resulted in an improved
copper recovery which has important implications for the reprocessing of tailings material

via froth flotation.

The second system investigated used a synthetic magnetite-silica ore. This ore allows
more control over the system, whilst still providing a good proxy for industrial flotation.
This system was used to investigate the effects that inserting two retrofit design modifica-
tions (horizontal meshes) into the cell had on flotation performance. These meshes were
designed to provide a more quiescent environment at the pulp-froth interface (PFI) and
reduce particle detachment. The “basic mesh” shifted the grade-recovery curve to an im-
proved grade, while the “blocked mesh” resulted in a significant improvement in recovery

and a reduction in entrained magnetite.

Positron emission particle tracking (PEPT), a technique that tracks the movement of
radioactive tracer particles, was used to investigate the mechanisms that resulted in the
improved flotation performance when using the meshes. PEPT experiments were per-
formed with different tracer types and tracer sizes. It was shown that the presence of the
mesh reduced the presence of swirl at the pulp-froth interface, and formed a secondary,
more quiescent, pulp zone with a shallower froth. In some cases, a mixing loop formed
in this secondary pulp zone which promoted the reattachment of detached valuable min-
eral. It was also shown that both meshes improved the flotation of the coarsest tracer size

indicating that the meshes can be used to improve the recovery of coarse particles.

For the first time, a continuous bench scale flotation cell has been used to investigate
the relationship between design modifications, particle size and the flotation performance.

This was done using two different ores, both more complex than what has previously been



investigated in similar equipment. These experiments also utilised PEPT to further the
understanding of the effect that design modifications have on the flotation performance

of different types of particle.

The results of this work have two primary applications to improving the flotation of
both fine and coarse particles for improving the sustainability of the minerals processing
industry. The first application relates to fine particle flotation by finding an optimal feed
particle size distribution. This will enhance the ability to reprocess tailings material by
froth flotation and therefore improve the sustainability of the industry. The second appli-
cation relates to coarse particle flotation by using a simple retrofit design modification to
increase the floatability of these particles. This will improve sustainability within minerals
processing by reducing the comminution requirements and therefore energy consumption.
There is, however, more work needed to investigate these modifications further to ensure

they are applicable at an industrial scale.
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Chapter 1

Introduction

1.1 Motivation

Froth flotation is one of the most important and widely used processes for separating min-
erals from waste rock. It has been used for over a century and the principle largely remains
the same. A great deal of research has been done to improve and optimise flotation for
the application to improving mineral concentration, however there is still plenty of scope
for more research, especially with regards to flotation of different particle sizes, where
there are still huge inefficiencies, both for fine and coarse particles. Due to its wide usage
and the fact that it is the minerals separation process with the largest tonnage throughput,
even small improvements in metallurgical recovery will quickly translate into a significant
economic benefit. This is especially important to the industry as decreasing deposit head
grades (Calvo et al., 2016) result in the separation process becoming more challenging

and costly.

As head grades of new ore deposits decline, the industry is looking to other metal
and mineral sources to meet the demands of an exponentially growing global population.
One such potential source is historic tailings dams which can contain grades of the or-
der of 0.75% (Gordon, 2002). Reprocessing such tailings material has many benefits to
the industry. Firstly there is no comminution requirement and secondly, reprocessing the
material can help reduce the significant environmentally damaging impact from the tail-
ings dams. However, there are challenges associated with floating tailings material. The
primary challenge is the fine nature of this material, as the relationship between particle

size, froth stability and flotation performance is not fully understood. Improving our un-
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derstanding of this relationship is vital if the efficiency of tailings reprocessing, via froth

flotation, is to be improved.

Froth flotation only recovers particles up to a size of approximately 100 um efficiently
(Kohmuench et al., 2018). Huge energy expenditure in comminution is required to grind
ore to below this upper bound of the particle size range in order to achieve efficient flota-
tion. This expenditure can therefore be reduced by investigating ways to increase this
upper bound. This will not only translate into money saved by the industry through re-
duced processing costs, but will additionally improve the sustainability of the industry as a
whole, by reducing the energy required to process each tonne of ore. Several studies have
presented new flotation cell designs for coarse particle recovery, however, installation of
these new cells requires a huge capital expenditure. Investigation of design modifications

that can be retrofitted to existing flotation cells is therefore the preferred approach.

Testing such modifications at the industrial scale is unfeasible due to the extreme cost
involved; however, the majority of laboratory tests do not adequately replicate the be-
haviour of industrial flotation cells. Using a laboratory cell comparable to industrial cells
is therefore an important first step in developing suitable design modifications to be de-
ployed at full scale. Whilst it is relatively easy to quantify the effect of design modifications
on froth flotation performance, it is much more challenging to determine their effect on
the sub-processes which bring about overall changes in this performance. Improving our
understanding of how these sub-processes are altered is therefore vital to develop retrofit

design modifications further.

1.2 Objectives

With the above needs in mind, this thesis aims to:

e Improve our understanding of the effects of particle size on flotation and how this
can be applied to reduce the energy used by the minerals processing industry with a

focus on tailings reprocessing.

e Expand and improve on the retrofit design modifications for coarse particle flotation,
first proposed by Norori-McCormac (2015), using a mineral system more represen-

tative of industrial systems.

e Further the understanding of how these retrofit design modification affect the flota-
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tion performance by using PEPT to investigate the designs in conjunction with a

variety of different tracer types and sizes.

1.3 Thesis structure

This thesis starts by presenting the theory of froth flotation and an in-depth analysis of the
current literature on the topic, in chapter 2. A description of the fundamentals of froth
flotation and the effects that different operating conditions have on flotation performance
and froth stability, with a particular focus on particle size, is presented. The chapter
then goes on to describe different aspects of flotation cell design including a discussion
of the different design modifications used to improve coarse particle flotation. The use of
Positron Emission Particle Tracking (PEPT) for understanding the mechanisms involved in

opaque systems, particularly in relation to froth flotation, is discussed.

Chapter 3 presents the three main experimental techniques used in this thesis. Firstly,
the use of a laboratory scale, non-overflowing flotation column to investigate the froth
stability of a complex copper tailings ore. Secondly, the use of a continuously overflowing,
bench scale flotation cell, with two flotation environments; a complex copper tailings ore,
and a synthetic magnetite and silica two species ore. Thirdly, the experimental process

used for PEPT and how the data were analysed.

Chapter 4 presents the results of investigating the effects of particle size distribution
of a copper tailings ore on the flotation performance, both in terms of stability and metal-
lurgical performance. Two different measures of froth stability were used; dynamic froth
stability and air recovery. These two measures were compared to further the understand-
ing of the relationship between particle size and froth stability and how this translate to
metallurgical performance. The implications of these results on the ability to reprocess

tailings material via froth flotation are discussed.

Chapter 5 presents the results of retrofit design modifications on the flotation of a
synthetic two species ore. Two different design modifications were investigated and com-
pared to the unmodified cell in terms of froth stability, metallurgical performance and

recovery of different particle sizes.

Chapters 6 and 7 present the results from PEPT experimentation using the synthetic

two species ore. Both chapters present the differences in bulk flow, particle velocities and
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occupancy in the cell, for different design modifications and types of tracers. In chapter
6, two different tracers of the same size, one hydrophobic and one hydrophilic, are used
to investigate the effect that the different design modifications have on particle behaviour.
In chapter 7, three different tracers, all hydrophobic, but with different particle diameters
are used to investigate specifically how the design modifications affect the flotation of
different sizes of valuable material. The results in both chapters are used to explain the

results presented in chapter 5.

Finally, chapter 8 presents the overall conclusions of this thesis and potential avenues

for further work.



Chapter 2

Background

2.1 Introduction

This chapter introduces the process of froth flotation, one of the primary methods used to
separate valuable material from waste material in the minerals processing industry. Froth
flotation has been utilised by the industry for over a century, yet there is still plenty of
scope for improving the process especially as the decreasing grades of ore deposits mean

that mineral separation is becoming more challenging and costly.

The fundamentals of the froth flotation process will be discussed, with particular fo-
cus on the different zones within a flotation cell: the pulp and the froth, the functions of
different chemical reagents and how flotation performance is quantified in different ways.
The effects that different operating parameters have on different measures of froth sta-
bility and flotation performance will be presented with an emphasis on particle size. The
differences in flotation cell design, both at industrial and laboratory scales, especially for

improving flotation performance will also be discussed.

A technique for imaging the processes that occur within the flotation cell, positron
emission particle tracking (PEPT), will be discussed. This technique tracks the motion of
a particle, that has been labelled with a radionuclide, as it moves through a system, in
this case a flotation cell. The data can then be used to determine how different operating

conditions and design changes affect the flotation of different particles.

21
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2.2 Principles of Flotation

Flotation is one of the most widely used techniques in the minerals processing industry
for particle separation due to its relative versatility, particularly with complex and low
grade ores (Wills and Finch, 2015). Whilst the concept of froth flotation is simple, i.e.
differences in surface properties are utilised to separate valuable minerals from gangue
material, the theory behind the mechanisms occurring within the flotation process are

more complex due to the three phase nature of the system (Wills and Finch, 2015).

In order to achieve separation of the valuable and gangue minerals the surface proper-
ties of the particles are altered chemically. Chemical reagents are selected for the specific
system to render the valuable material hydrophobic relative to the gangue. The chemi-
cally altered feed is then pumped into a flotation cell. Air is injected into the cell and an
impeller is used to agitate the slurry and suspend the particles, whilst also breaking up
the air bubbles. The hydrophobic particles will attach to the air bubbles and rise to the
top of the cell, forming a froth layer. The froth will then overflow the cell, separating the
valuable mineral from the gangue, forming an enriched concentrate stream and a depleted
tailings stream. The flotation cells are arranged in banks where the tailings from the first
cell become the feed to the second, and so on, to increase the grade and recovery of the

valuable mineral further (Wills and Finch, 2015).

Within a flotation cell there are two main zones which serve different purposes. The
first is the pulp zone, at the base of the cell, where bubble-particle attachment occurs.
The second is the froth zone, at the top of the cell, where particles are recovered to the

concentrate (figure 2.1).

The pulp zone is the aerated zone at the base of the cell where solid particles are
suspended in water, forming a slurry (King, 2012). Air is injected into the cell and bub-
bles are formed within the pulp. An impeller allows the particles to be suspended and
shears the bubbles to increase the surface area available for attachment (Ata, 2012). The
purpose of the pulp zone is to provide an adequate environment for the particle to attach
to the bubble so that it can be transferred to the froth. In order for this to occur, several
conditions must be met (King, 2012). Firstly, the particle must be suspended in the pulp
and be sufficiently hydrophobic. Secondly, there must be a collision with a rising bubble
and the particle must attach to the bubble and not be subsequently detached. And thirdly

the environment in the pulp must be sufficiently turbulent for particles to be suspended
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Figure 2.1: A mechanical flotation cell showing the froth and pulp zones.

whilst not being so turbulent that particles are easily detached from bubbles.

In order for a particle to be captured by a bubble the two need to be sufficiently close
to each other. If this happens then the film of liquid separating them will rupture and
drain. The contact line between the three phases; solid, liquid and gas, will move to
establish a new stable wetting perimeter (Nguyen et al., 1997). This will result in a stable
contact between the bubble and the particle (Ralston et al., 1999). Much research has
been conducted into understanding the interactions between bubbles and particles in this
zone. Nguyen et al. (1997) discussed that there are many forces acting between the bubble
and particle that need to be overcome for successful attachment, such as electrodynamic,

electrostatic and structural forces.

There are three primary mechanisms by which particles can be transferred from the
pulp to the froth. The first, and by far the most important mechanism is true flotation by
which the hydrophobic particles are attached to the air bubbles. The second mechanism
is when particles are entrained in the water between the bubbles, this is a non-selective
process and so the gangue minerals are also able to pass into the froth zone, reducing
the grade of the concentrate. The third mechanism is particle aggregation, by which free
particles can be trapped between attached particles. Again this is non-selective and will

therefore reduce the overall grade of the concentrate (Wills and Finch, 2015).

At the top of the flotation cell, there is a layer of froth where particle laden bubbles
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concentrate, forming the froth zone. The primary purpose of this zone is the recovery
of the valuable minerals, from the pulp, into the concentrate. Due to the injection of
air in the pulp zone and the continual rising of bubbles to the pulp-froth interface, the
froth overflows the cell into a launder where it is collected as concentrate. The bubbles
in the froth are separated by thin films of liquid and these films are connected and form
a network of Plateau borders (Neethling et al., 2003) (figure 2.2). Solids present in the
froth can be divided into two categories; firstly hydrophobic particles attached to bub-
bles, and secondly particles moving freely in the Plateau borders (Neethling et al., 2003).
The latter particles can either be hydrophilic particles that are entrained, or hydrophobic
particles that have become detached from bubbles, either through bubble coalescence or
bubble bursting at the froth surface (Neethling et al., 2003). These free particles can settle
through the Plateau borders and be lost from the froth back to the pulp and therefore not

recovered to the concentrate.

Figure 2.2: Foam structure illustrating the Plateau borders between bubbles (Neethling
et al., 2003).

2.3 Flotation Chemistry

In the process of froth flotation the most important elements for successful flotation are
the chemical reagents. Improving the use of reagents has made up a significant amount
of the major advances in the field (Bulatovic, 2007). Flotation reagents can be broadly
divided into three groups depending on their function. Collectors are used to aid with the
collection of the mineral particles, frothers are used to maintain and control bubble size in

the pulp and stability within the froth, and regulators are used to modify the effect of the
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collector on the specific minerals in the system (Gupta and Yan, 2006). There has been
extensive research into how using different reagents can improve flotation performance,

however these studies are generally specific to a particular ore.

2.3.1 Collectors

Collectors are added to the pulp phase with the primary purpose of acting as a surfactant
and aiding with the collection of particles (Wills and Finch, 2015). Collectors need to
adsorb onto the surface of the particle in order to form a hydrophobic layer (Bulatovic,
2007). They are added to the pulp during agitation and conditioning time is required
in order to allow an adequate coating to form on the mineral surface (Wills and Finch,
2015). A collector is comprised of a non-polar group and a polar group. The polar group
allows the collector to be water soluble and the non-polar group is a hydrocarbon chain
(Gupta and Yan, 2006). If a mineral surface is present the polar groups will be adsorbed
onto the surface rendering it hydrophobic (Gupta and Yan, 2006), with the non-polar
group remaining in the water phase (Bulatovic, 2007). When an air bubble is present, the
hydrocarbon chain will move into the air phase and if the bond is sufficiently strong this

will allow the mineral particle to be lifted (Gupta and Yan, 2006) (figure 2.3).

Collector
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Figure 2.3: Schematic of a collector adsorbed onto the surface of a mineral particle and
then attached to a bubble.

There are many different types of collector that can be used. The type and amount
chosen will depend on the mineral being floated (Wills and Finch, 2015). Adding too
much collector to a system can lead to adverse effects on the froth such as immobilisation
and dryness. The effectiveness of a collector can be described by the contact angle that

forms between the mineral surface and the air bubble (Gulsoy, 2005). The contact angle
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will increase with increased collector concentration up, improving the flotation rate up to
a point where the maximum contact angle is achieved. This maximum is a characteristic
of the specific collector being used and, to some extent, of the mineral (Gupta and Yan,

2006).

2.3.2 Frothers

Frothers are surfactants that are used in order to ensure that the bubble formation in the
pulp phase is stable enough to hold floated minerals (Wills and Finch, 2015). They are
absorbed at the air/water interface to lower the surface tension in the water (Gupta and
Yan, 2006). This produces small bubbles with an increased strength (Bulatovic, 2007).
Many frothers also act as collectors, they can therefore help to reduce the consumption of
the collector, allowing the rate of flotation to improve. This is particularly the case when
considering cationic flotation with amine collectors (Bulatovic, 2007). However, having
a frother that also has collecting properties can result in complications when trying to
separate out the collecting and frothing functions of the reagent. The addition of a frother
will cause the surface tension to drop rapidly until it levels out at a constant minimum
value. The greatest froth stability is not achieved at the minimum, but at the point where
the surface tension changes rapidly, as this helps prevent film rupture (Gupta and Yan,

2006).

By ensuring stable bubble formation, frothers help create a froth that is stable enough
to be sustained, whilst still allowing the entrained gangue particles to drain (Wills and
Finch, 2015). Too little or too much frother will cause the froth to be unstable and col-
lapse. The addition of even a little too much frother will also have a negative impact by
producing a froth that is too tight which will inhibit the settling of entrained gangue par-
ticles (Gupta and Yan, 2006). Ata (2011) showed that the addition of a frother can help
reduce the number of particles detached from the bubble due to it reducing the amount

of bubble deformation that occurs.

2.3.3 Regulators

In many systems, particularly those with mixed ores, the flotation rate constants of dif-
ferent minerals may all be of the same order of magnitude. This renders them more

challenging to separate (Gupta and Yan, 2006). Regulators are commonly regarded as the
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most important reagents as they modify the action of the collector for individual minerals
in the system to improve the separation efficiency (Bulatovic, 2007). They can have two
main functions either activating or depressing a mineral and which action a specific regu-
lator performs is dependent on the system and the specific minerals (Bulatovic, 2007). An
activating regulator will act to make the mineral surface more hydrophobic. A depressing
regulator will do the opposite by rendering the minerals hydrophilic, hence preventing
flotation, this type of regulator will commonly be used in reverse flotation, where the
gangue mineral is the one being floated (Wills and Finch, 2015). Both activators and de-
pressors are often used in the same system to increase the relative difference in floatability
of the minerals allowing easier and more effective separation. Another type of regulator
that can be used is a pH regulator that will adjust the pH of the system to allow other

reagents to perform optimally (Gupta and Yan, 2006).

2.4 Flotation Performance

2.4.1 Metallurgical performance

The most widely used measures of flotation performance are grade and recovery. The
grade is the fraction of valuable mineral in the concentrate stream and it is therefore
desirable to maximise it in order to achieve a purer product. The mineral recovery is the
fraction of mineral in the feed that is recovered to the concentrate. In a mineral processing
context this is often just as, if not more, important as maximising the recovery. In order to
have 100% recovery of a valuable mineral, the grade of the concentrate would be equal to
the grade of the feed. Similarly, in order to achieve a 100% grade the recovery would be
very low as even particles containing only a small amount of gangue would be rejected.
There is therefore a trade off between the two, as can be seen from figure 2.4, showing
an idealised grade-recovery curve. The grade and recovery of a system will depend on a
wide variety of different factors within the system itself such as superficial gas velocity, the
reagent suite, the physical design of the cell and the characteristics of the ore. Altering
any of these parameters will cause a shift along the grade-recovery curve or a shift to a

different curve.

In some systems it is non-trivial to measure the grade and recovery of a particular min-

eral. This was the case for the single species experiments performed by Norori-McCormac
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Figure 2.4: Idealised grade-recovery curve, with the different coloured curves represent-
ing different hypothetical operating conditions.

et al. (2017) and Morrison et al. (2017). Both of these studies used the solids content of
the concentrate as a proxy for grade and solids flowrate, or mass pull as a proxy for recov-
ery. Norori-McCormac et al. (2017) presented data from industrial flotation cells showing
that these proxies were appropriate for comparing different operating conditions due to

the positive correlations shown in figure 2.5.
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Figure 2.5: Industrial data showing the relationship between (a) solids content of the
concentrate and relative grade and (b) solids flowrate to the concentrate and relative
recovery (Norori-McCormac et al., 2017).

Particle entrainment is also an important factor to consider when investigating flota-
tion performance as high levels of entrainment reduce the grade of the concentrate.
The recovery of entrained gangue material is linearly proportional to the water recovery
(Neethling and Cilliers, 2009). The constant of proportionality, the entrainment factor,

can be calculated using equation 2.1 (Neethling and Cilliers, 2009), where M denotes the
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mass flow of the entrained material, and @ is the volumetric water flowrate; a subscript
of C refers to the concentrate and of F' refers to the feed. An entrainment factor of 1
represents the fact that the amount of gangue material in the concentrate relative to the
water is the same as the ratio of gangue to water in the pulp phase. Entrainment factors
> 1 indicate that more gangue material is recovered than expected from just the water

flowrate, while values < 1 indicate that there is less gangue recovered than expected.

_ McQr
MrQc

Ent (2.1)

2.4.2 Froth stability

Froth stability is an important factor to consider in froth flotation, as it has a significant
impact on flotation performance. In a stable froth, the bubbles do not easily burst, this
results in improved recovery due to a minimisation of particle detachment. On the other
hand, highly stable froths are generally made up of smaller bubbles, and so the froths
contain more water and therefore more entrained material, reducing the grade. There are
many factors that affect the stability of the froth such as particle size and hydrophobicity,

and the air flowrate (Aktas et al., 2008).

The effect of particles on the froth stability has been the subject of many studies.
Johansson and Pugh (1992) showed that whether or not a particle will stabilise or desta-
bilise the froth depends on the particle size, shape and hydrophobicity. Dippenaar (1982)
demonstrated that froth stability is impeded by the presence of a small number of hy-
drophobic particles, however this can be counteracted by having a larger number of small
particles in the system. Aktas et al. (2008) found that fine particles in the system will

increase the height of the froth in a column and hence increase the stability.

Dippenaar (1982) showed that there is a maximum contact angle where a stable film
could form. Above this contact angle, the thin films in the froth would be destroyed
which impacts the froth stability. For smooth particles the maximum contact angle is 90°,
however for rougher particles rupture occurs at lower contact angles and an optimum
contact angle of 65° was found. Results from Ata et al. (2002) correlated with this as they
found maximum flotation recoveries occurred when the contact angles were between 63°
and 66°. Aktas et al. (2008) showed that froth stability decreased with an increase in

conditioning time, which correlated to the degree of hydrophobicity.
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There has been a significant amount of work devoted to investigating the best way to
quantify froth stability. Two ways are discussed in this thesis: the dynamic froth stability,

and the air recovery.

Dynamic froth stability

The Bikerman test was developed to investigate the foam stability of dynamic systems
using a flotation column (Bikerman, 1948). In this test gas is bubbled through a porous
membrane into liquid in the column, allowing a foam layer to form at the top. This foam
will rise until it reaches a steady state where the volume of gas entering the system, as
bubbles, is equal to the volume of gas escaping when the bubbles burst (Bikerman, 1948).
Many studies have shown that the height of the column of foam is proportional to the rate
of flow of gas in the system and Bikerman (1948) defines the rate of proportionality as
the dynamic foam stability (), equation 2.2, where V; is the volume of the foam, @, is
the volumetric flow rate of the gas, H is the foam height of the system at steady state, and
J, is the superficial gas velocity. This rate of proportionality does not only apply to foams
but also to froths and can also be described as the average lifetime of a bubble in the froth

(Bikerman, 1973).

Vi H
v= L (2.2)
Qa Jg

Air recovery

The air recovery is the fraction of air overflowing the cell as unburst bubbles, equation
2.3, where « is the air recovery, vy is the overflowing froth velocity, h is the height of
the overflowing froth over the cell lip, w is the overflowing lip length and @, is the air

flowrate, either into or out of the cell.
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Barbian et al. (2006) clearly showed that this was a valid measure with a linear relation
between the fraction of air overflowing the cell, air recovery, and the froth stability factor.
Hadler and Cilliers (2009) established that, by varying the air flowrate a peak in air re-

covery can be seen. A high air recovery means that there will be less air lost through the



2.4. Flotation Performance 31

bursting of bubbles at the top of the cell, which results in a more stable froth. At low air
rates, the froth will be stable, however it will have a lower mobility and so is more likely to
burst before overflow happens, resulting in a low air recovery (Hadler and Cilliers, 2009).
At high air rates the froth will also be unstable due to excessive coalescence and bursting.
This results in the presence of a peak in air recovery (PAR). At the PAR there is a high
flowrate of solids due to the presence of a mobile froth and the bubbles being stabilised
by the presence of attached particles. Hadler et al. (2010) showed, that in an industrial
setting changing the air flowrate to the PAR caused an increased mineral recovery with

only a small drop in the grade of the concentrate.

2.4.3 Particle size effects

Most modelling of flotation performance with increasing particle size suggests that an in-
crease in size causes an increase in efficiency, however this is not reflected by experimental
results (Fuerstenau et al., 2007). As can be seen in figure 2.6, there is clearly a peak in

recovery with a change in particle size and recovery of the finest and coarsest particles is

challenging.
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Figure 2.6: Recovery by particle size from industrial flotation of a variety of different
sulfide ores (Kohmuench et al., 2018).

The probability of a particle being successfully collected and recovered by a bubble is

given by equation 2.4. Where P, is the probability of bubble-particle collision, P, is the
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probability of attachment and P, is the probability of detachment.

P=P.P,(1 - Py), (2.4)

It is therefore important to provide an environment that can maximise the probability
of collision and attachment, whilst minimising the probability of detachment. In order
to do this, there needs to be a balance between the impeller speed and the bubble size.
If the impeller speed is too low, and there is not enough turbulence, then particles will
not be adequately suspended and they will settle to the base of the tank, thus reducing
the probability of collision and attachment. However, if the impeller speed is too high
the environment will be too turbulent and the probability of detachment will be high. On
the other hand, bubbles need to be big enough to lift the particles, but not so big that
the recovery is low due to a decreased surface area (Ahmed and Jameson, 1989). The
optimum levels of bubble size and impeller speed are very different for coarse and fine
particles and so finding conditions to float a wide range of particle sizes together can be
challenging. Ahmed and Jameson (1985) suggested that a possible solution would be to
separate the different size fractions of the feed and treat them under different operating

conditions.

Fine particles

As can be seen in figure 2.6, the recovery of fine particles, less than 10 um in diameter, is
challenging. Improving the recovery of such particles is imperative for the minerals pro-
cessing industry, not only because it will improve the overall recovery of valuable material
but also because it is a particular concern for situations where feeds are already fine. One
example of such a feed is when reprocessing tailings material - an area that is becoming

increasingly interesting to the minerals processing industry.

The main problem with fine particle flotation is the reduced bubble-particle collision
probability due to their low inertia (Schulze et al., 1989). Fine particles will also tend
to travel along streamlines as they do not have sufficient kinetic energy (due to their low
mass) to displace the thin film of liquid between the bubble and the particle (Hewitt et al.,
1993) and expand the three phase line of contact (Scheludko et al., 1976). Chipfunhu
et al. (2011) showed that whilst this is the case, if a particle is sufficiently hydrophobic

(beyond the critical contact angle) then it will float.
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The two key ways to increase the bubble particle collision efficiency are to reduce
bubble size or to increase the apparent size of the particles (Miettinen et al., 2010). Whilst
decreasing bubble size is well understood to improve the collision efficiency, the low rise
velocity of small bubbles results in a much higher residence time (Miettinen et al., 2010).
Added to this, smaller bubbles results in a higher water recovery (Schwarz and Grano,

2005), which will increase entrainment and reduce concentrate grade.

The apparent particle size can be increased by forming flocs or aggregates of fine
particles (Miettinen et al., 2010). However, it can be difficult to do this selectively and
entrapment of gangue between valuable minerals is a major problem (Rubio et al., 2003).
Liu and Wannas (2004) suggested that this problem could be mitigated by using a de-
pressant to also flocculate the gangue minerals, which would reduce the possibility of

entrapment.

Another issue with fine particle flotation is that due to the small size of the particles
they have a lower settling velocity and are therefore more easily entrained (Neethling and
Cilliers, 2009). In addition, due to their higher specific surface area than other particles,

fine particles require larger quantities of reagents to be floated (Feng and Aldrich, 1999).

Coarse particles

Figure 2.6 shows an upper particle size limit of the order of 100 um for flotation. The
size of this upper limit is dependant on the mineral being floated. This is a key area of
interest for minerals processing research. By increasing this upper size limit, less energy
would be needed to grind each tonne of rock prior to flotation (Fuerstenau et al., 2007).
There are many reasons for the lower recovery of coarse particles, the first is that, due
to their increased size, and therefore increased mass, a highly turbulent environment is
required to provide the particles with enough energy to remain in suspension and to attach
to bubbles (Schulze, 1977). The second is that due to this turbulent environment coarse
particles will easily detach from bubbles (Wills and Finch, 2015). The third is that when
they are entrained they are more likely to drop back from the froth into the pulp phase
(Schulze, 1977). There are three key problems when considering coarse particle flotation;
the requirement for sufficient buoyancy to lift the particles, the forces that are acting
within the froth zone and the detachment forces (Fuerstenau et al., 2007). It is widely

considered that turbulence is the most important limiting factor to the upper particle size
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for flotation (Schulze, 1977) as this is the main cause of detachment of coarse particles.

The first problem with coarse particle flotation is the requirement for sufficient buoy-
ancy in order to lift and float the particle. There are two elements to this, firstly there will
be a minimum degree of hydrophobicity required to float a particle and this increases with
particle size (Trahar, 1981). In order for coarse particles to achieve the same recovery as
fine particles, they need a greater surface coverage of collector (Crawford and Ralston,
1988). The presence of fines in the system can therefore be detrimental to the recovery of
coarse particles, due to their increased surface area as they will have a higher consump-
tion of the collector meaning the surface coverage on coarse particles may be insufficient
(Trahar, 1981). Secondly, the bubbles need to be large enough to provide the buoyancy
to lift the particles. Schulze et al. (1989) used the definition of buoyancy to show that a
minimum bubble size can be calculated. Given a big enough bubble, it should always be
possible to lift a particle, however there is an upper limit on the bubble size due to the
turbulence created by the impeller causing large bubbles to become unstable and break
up. It is important to note that the maximum particle size that can be raised will be larger
than the maximum size that can be floated due to the other forces present within flota-
tion (Gontijo et al., 2008). Ata and Jameson (2005) have observed that bubbles can form
clusters in a flotation cell when there are solids in the system as solids can form bridges
between multiple bubbles. These clusters can be potentially beneficial for coarse particle

flotation as they increase the buoyancy.

A second problem occurs in the froth zone. As the size of the particles increases, the
froth stability will decrease (Rahman et al., 2012); this is due to the fact that large particles
will cause the thin films between bubbles to rupture more easily. This results in more solids
settling, particularly particles with more mass which will drop back through the froth into
the pulp phase. It is also seen that when a bubble-particle aggregate transitions across the
pulp-froth interface it loses kinetic energy. This is often sufficient to detach large particles
from the bubbles, resulting in the coarse particles being harder to transfer into the froth
zone (Fuerstenau et al., 2007). This problem can be reduced by introducing the coarse

particles directly into the froth as has been done by Ata and Jameson (2013).

The third problem is the detachment of the particles, this is seen as the largest problem
to overcome when considering improvements to coarse particle flotation. When a particle
is attached to a bubble there is a capillary force acting at the three phase contact line. If

the centrifugal force in the system, caused by the turbulence and shear from the impeller is
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greater than this capillary force then the particle will detach from the bubble (Fuerstenau

et al., 2007).

2.4.4 Particle size and froth stability

Rahman et al. (2012) and Bournival et al. (2014) showed that the presence of fine parti-
cles can actually help improve coarse particle flotation by stabilising the froth, preventing
film rupture and bubble coalescence. There is therefore some controversy over whether

the presence of fine particles hinders or aids coarse particle flotation.

Whilst it is well known that the recoveries of fine particles are reduced in flotation,
there have also been several papers investigating the effects that the amount of fine par-
ticles in the feed has on the recovery of other particle sizes. Vieira and Peres (2007)
investigated how varying the proportion of fine silica particles, 38-74 um, in the feed af-
fected the recovery of different particle sizes. The optimal fraction of fines required for
increased recovery of all particle sizes from the feed was shown to be 11%. The authors

suggested that this was due to the fine particles stabilising the froth.

Leistner et al. (2017) investigated the recovery of fine and ultrafine valuable material,
in this case magnetite, in the presence of fine and ultrafine gangue material, in this case
quartz ,using a Denver cell. The results showed that the presence of fine gangue particles
increased the recovery of both sizes of valuable particles, whilst the presence of ultra
fine gangue particles reduced the recovery of both sizes of the valuable particles. This
indicates that the size of the gangue particles has a strong effect on the recovery of the

valuable ones.

It is also important to understand the effect that different particle sizes have on froth
stability. There have been several different bodies of work on this topic, yet the results are
inconclusive. Most work measures the dynamic froth stability (essentially the average life

time of a bubble in the froth) in non-overflowing laboratory scale columns.

Johansson and Pugh (1992) showed that whether or not fine particles will destabilise
the froth depends on hydrophobicity. They varied the contact angles of the particles in the
feed and measured the resulting dynamic froth stability. The results showed that at low
contact angles, (< 40°) fine particles had little effect on the stability, intermediate contact
angles (~ 65°) gave the best stability whilst higher contact angles (> 80°) destabilised

the froth. Ip et al. (1999) measured the dynamic froth stability in a column with different
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particle sizes of a synthetic silica only feed and showed that, in general, smaller mean par-
ticle sizes led to an increase in froth stability, however this was not a smooth relationship.
Conversely, Tao et al. (2000) showed that a small increase in the amount of 10um coal
increased the water recovery in a laboratory scale column which suggests a decrease in

stability.

Barbian et al. (2003) used a modified Denver cell with a Platinum Group Metal (PGM)
ore and observed that the dynamic froth stability factor decreased with an increase in
superficial gas velocities. However, the superficial gas velocities in their work ranged be-
tween 0.13 cms~! and 0.66 cm s~! and were therefore low compared to industrial flotation
cells. Aktas et al. (2008) used a similar cell, again with a PGM ore, and observed the same
relationship between dynamic froth stability and superficial gas velocity, again investigat-
ing the effects at low superficial gas velocities, between 0.26 cms~—! and 0.53cms~!. In
addition to varying the gas velocity Aktas et al. (2008) also varied the particle size and
found that as the particle size increased the dynamic froth stability decreased, however,
only four different sizes were used and these were coarse (d90 of 118 um to 306 um) and

so the study doesn’t give information about a broad range of both fine and coarse particles.

More recently, Liang et al. (2015) investigated the effects of coal particles of different
sizes on the froth stability again using a modified stability column. Four different size
fractions were used here, namely —74um, —125 + 74 um, —250 + 125 um and —500 + 250
wm. Whilst these sizes consider a wider overall distribution than other studies, each of the
size ranges tested was quite broad. These experiments were also run at low gas velocities

of 0.2cms™ 1.

McFadzean et al. (2016a) studied the effects of particle size on dynamic
froth stability for three different ores: a synthetic silica and pyrite ore, a PGM ore, and
an Itabirite ore. The results for all three ores showed a smooth decreasing power law
relationship when increasing the average feed particle size. Whilst the particle size of
the synthetic ore ranges from around 16 um to 210um the other two ores had smaller

size ranges, between 29 um and 71 um. These experiments were run at a superficial gas

velocity of 0.98 cms™1.

Barbian et al. (2005) developed a froth stability column to be used at industrial scale,
allowing froth stability to be correlated to flotation performance. The results, from a cop-
per sulphide ore, showed that the highest dynamic froth stability resulted in the highest
copper grade but lowest recovery. McFadzean et al. (2016b) also showed a link between

dynamic froth stability and flotation performance in their work. Their study investigated
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the effects of different frother blends on the froth stability of a PGM ore with an agitated
laboratory scale column. The results showed that a higher froth stability resulted in higher
recovery, but that there was little correlation with grade. The results from these two stud-
ies are contradictory suggesting that the relationship between froth stability and flotation

performance is more complicated.

Unlike most of these studies Norori-McCormac et al. (2017) investigated the effects of
particle size in a laboratory scale, continuously overflowing, mechanical flotation cell and
used air recovery (equation 2.3) as the measure of froth stability. These results showed
that the relationship between particle size and froth stability is not a simple one, it also
depends on the superficial gas velocity in the system. At high superficial gas velocities
the relationship is the same as those seen in Aktas et al. (2008) and McFadzean et al.
(2016a) in that the smaller feed sizes result in the higher stability. On the other hand,
at lower superficial gas velocities it is an intermediate feed size gave the optimal stability.
This highlights that there could be more work done to further the understanding of the
relationship between particle size and froth stability and how this then translates into
changes in metallurgical performance. As the work performed by Norori-McCormac et al.
(2017) used a different measure of stability to other studies, it would also be interesting
to directly compare the two measures of stability to see how results differ between the

two for the same ore.

2.5 Flotation Cell Design

2.5.1 Mechanical vs. column flotation

Flotation cells can be divided into two main types; mechanical cells and columns. The
mechanical cell, which is the focus of this work, is a stirred aerated tank. The impeller
provides a mixing zone in the tank to promote contact and therefore attachment between
particles and bubbles. There needs to be a balance of the impeller providing enough lift
for the particles to come into contact with the bubbles whilst not causing the particles to
detach. Flotation columns are taller and narrower than their mechanical counterparts,
thus requiring a smaller footprint. These cells are not stirred, instead air is injected at the
bottom and the feed is introduced close to the top of the pulp zone. As the solid particles

move down in the cell they come into contact with the rising bubbles and attachment
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can occur. The froth in a column cell is much deeper than in a mechanical cell and wash
water is applied at the top to aid with the drainage of entrained particles. Figure 2.7
shows a comparison between mechanical flotation cells and flotation columns in the same

processing plant.
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(a) Schematic of the differences between a mechanical cell (left) and a column cell
(right).

(b) Own photograph showing mechanical flotation cells (blue) and flotation columns
(red) at a processing plant in Chile.

Figure 2.7: Comparison between mechanical flotation cells and column flotation cells.

2.5.2 Design modifications

Since the original patent of the mechanical flotation cell in 1908, there have been sev-

eral modifications to the design to improve flotation performance as grades of deposits
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decrease. With regards to altering the physical design of the cell these modifications can

be split into two broad categories: completely new cell designs or retrofit modifications.

The majority of cell manufacturers are designing new flotation cells that are larger in
order to increase throughput to the plant, while minimising capital expenditure. The size
of cells has increased enormously over the past century (Mesa and Brito-Parada, 2019).
One of the biggest problems when increasing the size of the cells is that the properties
of the froth do not scale and large stagnant sections can form in the centre of the froth
due to the increased distance that the froth needs to travel to the lip of the cell (Zheng
et al., 2004). There are two primary design modifications that can be used to overcome
this issue. Firstly, introducing crowders into the centre of the cell will reduce the area of
the froth at the top of the cell and improve froth mobility (Cole et al., 2012). Secondly,
implementing more complicated launders to increase the effective lip length of the cells,
which increases froth recovery. Internal launders also have the added benefit of reducing
the distance that the froth has to travel, eliminating stagnant zones (Zheng et al., 2004).
There are various different launder designs, and two of the most common are the radial

and the doughnut launders (Mesa and Brito-Parada, 2019).

While launders and crowders are retrofit design modifications that affect the froth
phase, it is also important to look at design modifications that affect the pulp phase, such
as designs that can either promote mixing or modify the turbulent zone within the pulp.
The mixing environment can easily be modified by changing the type of impeller or the
shape of the cell. The impeller introduces mixing loops, where gangue particles can be
transferred to the froth zone. Vertical baffles are used to breakdown these loops (Yianatos
et al., 2005). As previously discussed, turbulence in the pulp is desired as this suspends
the particles and promotes bubble particle attachment, however if there are high levels of
turbulence in the pulp, close to the interface with the froth, then this can cause detachment

of particles from the bubbles.

Horizontal baffles have been used and researched extensively in flotation columns.
Recently these have also been used in two different sized laboratory scale mechanical
flotation cells, with simplified single species systems. The first was a 4L cell developed by
Norori-McCormac (2015), the horizontal baffles were designed as a mesh with a honey-
comb like structure. Several different meshes were tested with different pore sizes and
different thicknesses. The effectiveness of these meshes in improving flotation perfor-

mance was determined by measuring the air recovery, solids content and solids flowrate
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of the concentrate as well as using positron emission particle tracking to image the motion
of a particle within the cell (see section 2.6). These meshes proved effective at improving
the solids flowrate to the concentrate (indicative of the recovery) in particular the one
with a 30mm pore size showed the best performance when compared to an unmodified
cell. The meshes also improved air recovery whilst there was no clear improvement in
indicative grade compared to the base case. Similar horizontal meshes were also studied
by Morrison et al. (2017), however these meshes had a square pore rather than hexago-
nal. In the same way, a variety of pore sizes and thicknesses were analysed and showed
that optimal performance, improved indicative grade and recovery, was achieved with a
pore size of approximately 125mm. However, there was no clear indication that the mesh

improved air recovery.

There are several design modification to the flotation cell primarily focused on the im-
provement of flotation of different particle sizes. One of these is the Jameson cell (Clayton
et al., 1991), in this cell the slurry is introduced as a liquid jet through a downcomer at
the top of the cell. Air is entrained in this jet, which generates a large number of very
small bubbles. There is good particle collection due to the mixing zone in the downcomer.
Flotation time is also rapid due to the high bubble surface area flux, meaning this cell is

useful for cleaning and fine particle flotation.

Another novel flotation cell design is a cell with a liquid fluidised bed and a minimal
froth zone (Jameson, 2010). The feed is fluidised with an upflow of water and bubbles are
introduced into the cell. This produces a favourable environment for flotation of coarse
particles due to the absence of turbulence. There is also a much higher bubble particle
collision rate due to the higher volume fraction of solids than in a conventional flotation
cell. Results from Jameson (2010) showed that the use of such a cell resulted in between
95% and 100% recovery of galena particles up to a size of 850 um. Commercial examples
of a fluidised bed flotation cell included the NovaCell (Jameson and Emer, 2019) and the
HydroFloat (Awatey et al., 2013). Both of these cells have been shown to significantly
improve coarse particle recovery. Jameson and Emer (2019) showed that the NovaCell
resulted in 100% recovery of chalcopyrite particles up to a size of 300 um. Awatey et al.
(2013) showed that the recovery of 1180um galena particles improved from 41% in a

Denver cell to 86% in the HydroFloat cell.

Flash flotation cells are used as a way of treating coarse particles (Newcombe et al.,

2012). When processing minerals with high specific gravity, such as sulphides, it can be
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common for them to report to the hydrocyclone underflow stream where they will then
be reground until fine enough to report to the overflow stream. This can incur losses due
to the challenges in floating fine particles as discussed in section 2.4.3. Flash flotation
cells can reduce this problem by being used to remove these valuable materials from the
grinding circuit to prevent over grinding. The cell is designed so that very coarse material
will bypass the flotation area of the cell and go straight to the discharge and only this
material will be reground. This cell has the benefit of acting as both a flotation machine

and a classifier.

Xia et al. (2010) presented a new retrofit rotor stator design from Outotec where
the stator blades are separate and are mounted on a pedestal which aims to increase
mixing for the same aeration rate as a traditional setup, this has many benefits but one is
to increase the suspension of coarse particles therefore improving the recovery of coarse
particles. Coleman and Rinne (2011) showed that this design slightly improves the copper
recovery of all size fractions when compared to a standard design, however there are few

published results using this design.

Whilst the different design modifications listed for improvement of coarse particle
flotation have been shown to be successful, the majority have one major drawback,: the
high capital cost involved in implementing new infrastructure. It would therefore be bene-
ficial to industry to implement a retrofit design modification to a conventional mechanical

flotation cell that would improve the flotation of coarse particles.

2.5.3 Laboratory scale research

Industrial flotation cells are challenging to use when conducting experiments due to their
size and the complex nature of industrial ores resulting in high variability in conditions
between tests. It is for this reason that the majority of flotation research is initially per-
formed at the laboratory scale, before moving to pilot plant testing, before finally being
implemented in a flotation plant (Wills and Finch, 2015). Often, reagent environment
tests are performed using commercially available batch cells such as the Denver cell. Most
processing plants will have these cells on site in order to perform “hot” flotation tests us-
ing feed straight from different streams on the plant. These tests are ideal to obtain a
snapshot of flotation performance. The other benefit of using such cells is their relative

simplicity and ubiquity meaning that their hydrodynamics are well understood. The ubig-
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uity of batch tests also means that data collected in these tests can easily be compared

across the literature.

Whilst batch cells can be incredibly useful for certain types of studies, especially
reagent studies, there are pitfalls in using these cells to understand froth flotation. The
biggest downfall of such batch tests is that they are limited in the short length of time
that floatable material is present in the cell, which results in steady state being difficult
to achieve (Wills and Finch, 2015). One way to overcome this issue is to perform tests
on a pilot plant, however, this is not an ideal solution for investigating different design
modifications as pilot scale cells can be difficult to modify. In order to test different design
modifications the simple batch cells need to be heavily modified, as in work by Barbian

et al. (2003), or a bespoke system needs to be developed.

The easiest way to overcome the problem of batch cells not reaching steady state is
to use a laboratory scale, continuous, or semi-continuous, cell. There have been several
studies in recent years that have used such systems. These cells will generally pump both
the concentrate and the tailings material into a mixing tank that then becomes the feed
for the cell, allowing a closed loop system to form. McFadzean et al. (2016b), Wang
et al. (2017) and Hemmati Chegeni et al. (2016) used semi-continuous columns for their
studies while Li et al. (2016), Norori-McCormac et al. (2017) and Morrison et al. (2017)
used semi-continuous mechanical cells. All of these systems were shown to operate at
steady state and were used with ores of varying degrees of complexity. The mechanical
cell used by Norori-McCormac et al. (2017) is unique, in that there is no separate mixing
tank recombining the tailings and the concentrate. Instead the concentrate is pumped
directly from the launder back into the base of the cell and there is no tailings stream. The
designs of the cells used by Norori-McCormac et al. (2017) and Morrison et al. (2017)
are based on the standard mixing tank but at different scales: 4L and 87 L respectively.
The fact that these cells are based on the same design but are different scales allows for
scale up work to further understand how effects of different design modifications at the

laboratory scale may translate to the effects that may be seen at the industrial scale.

2.6 Positron Emission Particle Tracking

Positron emission particle tracking (PEPT) is a useful technique that can be used to map

the position of particles within a flotation tank over time. The principle of PEPT has been
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developed from positron emission tomography (PET), a technique widely used in medicine
where a patient is injected with a radioactive tracer and a PET scanner detects gamma
rays (Parker et al., 1993). When used for tracking particles, a tracer is made by labelling
a particle with a radionuclide such as F'®. This decays by T emission, i.e. a positron is
emitted. This positron is annihilated when it comes into contact with an electron and will
then emit two, back to back, gamma rays. A positron emission tomography (PET) camera
detects the pair of gamma rays and their trajectories are then triangulated to determine
the location of the tracer (Waters et al., 2008). A 3D image is then constructed from a
large collection of locations and this can be used to track how a tracer moves through
a system (Parker et al., 2002). For medical applications the tracer is a fluid, however
Bemrose et al. (1988) found that the position of a single solid particle can be detected

using the same method, even when it is moving.

Since its first use, PEPT has been successfully applied to a wide range of minerals
processing research such as; froth flotation (Cole et al., 2012; Waters et al., 2008, 2009),
2D foams (Cole et al., 2010), comminution (Govender et al., 2010; Morrison et al., 2016)
and hydrocyclones (Radman et al., 2014). It is important to validate the use of a new
technique with against older methods. Pianko-Oprych et al. (2009) performed a direct
comparison between PEPT and Particle Image Velocimetry (PIV) in a stirred tank and
showed that there was good correlation between the two. Chiti et al. (2011) used a
similar stirred tank and showed a good comparison between the particle velocities from

PEPT and from those in the literature utilising other techniques.

2.6.1 PEPT in flotation

Due to the presence of solids in a froth flotation system, the pulp and froth phases are
optically opaque, so techniques such as particle image velocimetry are unsuitable. This has
greatly hindered the understanding of the processes that occur in froth flotation, making
PEPT vital to froth flotation research as it can be used to visualise motion in opaque
systems (Cole et al., 2010). PEPT helps to fill this gap by allowing research to be done
to further the understanding of the dynamic physical processes that are going on inside a

flotation cell.

Waters et al. (2008) carried out initial work, in a batch cell, showing that there was

considerable potential for PEPT to be used within froth flotation using it successfully to
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Figure 2.8: A Denver flotation cell showing PEPT tracer motions (Waters et al., 2008).

map both a hydrophilic and hydrophobic tracer within a flotation cell (figure 2.8). The
work also clearly showed fundamental particle behaviours in the froth such as particle
attachment and detachment. Cole et al. (2010) further developed the PEPT method for
accurate use within froth flotation research. They combined PEPT with high speed digital
imaging in a foam column and showed a 95% confidence in the location of the tracer
within + 2.7mm. Since then, Cole et al. (2014) varied the size of tracers showing that
they can be modified and selected to match the specific properties of the feed such as
particle size, density and hydrophobicity. This allows a tracer either to act as a gangue
particle or a valuable particle allowing a better understanding of the motion of either

species in the system.

Norori-McCormac (2015) used PEPT to investigate the effects of different retrofit de-
signs on the bulk flow within the continuous flotation cell used in this work, as well
as turbulence on different particles in the system at the pulp-froth interface. This work
showed that the use of a retrofit mesh with a hole size of 30 mm helps to transport hy-
drophobic particles from the pulp to the froth with very little downward flow. This hole
size also optimises pathways for the tracer to be recovered from the pulp to the froth.
This mesh also exhibited high liquid flow rates, resulting in increased entrainment. This
is something that needs to be investigated further to determine if this can be improved.
The presence of meshes in the system was shown to break down the swirl at the top of the

pulp phase reducing turbulence. There were a few problems with this system however;
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firstly there were high liquid flow rates with the mesh; secondly, this feed was made up of
a single species ore and so whilst a hydrophillic tracer was used this could not accurately
represent the flow of gangue material as there was none in the system; and thirdly, the
froths were not sufficiently particle stabilised, meaning that they were not representative

of true flotation systems.

2.7 Conclusions

Whilst froth flotation has been used as a separation technique in the minerals processing
industry for over a century, there is still plenty of scope for improvement, especially when
considering that even small changes in metallurgical recoveries will translate to huge eco-
nomic benefits. There has been a significant amount of work devoted to understanding
the mechanisms at different points within the flotation cell. However, it is challenging to
fully understand the sub-processes occurring in an opaque system. It is well known from
the literature that both coarse and fine particle flotation can be challenging and that there
are great benefits, both economically and environmentally, to improving the flotation effi-

ciency of these particles.

Laboratory scale testing is a vital step towards understanding how changes to the
froth flotation process will impact performance. However, the majority of such tests do not
operate at steady state. A continuously overflowing flotation cell was previously developed
as an alternative to bench scale flotation investigations that runs at steady state. This was
successful, however it has only been shown to work with a single species in a flotation
system that does not exhibit true separation. This thesis develops this cell further with the

use of more complex ores.

There is still a lack of solid understanding of the effects of fine particles on flotation,
this is especially important when considering that tailings reprocessing is likely to become
a more significant part of the minerals processing industry with a move towards improving
sustainability. This thesis builds on previous work by Mackay et al. (2018) to help improve
the understanding by varying the particle size of a copper tailings ore and investigating the
effects on flotation performance and stability using the continuously overflowing flotation

cell.

In addition to research into fine particle flotation, there is a focus on coarse particle
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flotation which will lead to a reduction in energy consumption and improve the efficiency
of flotation. There have been several flotation cell design modifications presented as so-
lutions to coarse particle flotation, however the vast majority of these require completely
new equipment and there has been little investigation into retrofit design modifications.
The latter would be more beneficial to industry due to the low capital expenditure for
installation. This thesis further develops previously proposed retrofit design modifications

at the bench scale.

The effect of different design modifications in this cell were previously investigated,
whilst these proved to be successful to some extent, again they were only used in the study
of a simplified system. They also increased the liquid content of the froth relative to the
unmodified case which leads to a reduction in grade. The optimal retrofit design was used
in this thesis with a more complex ore, and was also further developed with the aim of

reducing the liquid content.

In previous work positron emission particle tracking (PEPT) has proved to be a useful
technique for a better understanding of the sub-processes involved in froth flotation. In
this thesis, PEPT will be used to study the effects of design modification in a true separation
system with the continuously overflowing flotation cell. For the first time a variety of
different tracer sizes will also be used to investigate retrofit design modifications with the

aim of furthering the understanding of the effects of particle size on flotation.

This thesis will aim to address the gaps in the literature as described above. The next

chapter will discuss the tools and methodology used in the thesis to achieve this aim.



Chapter 3

Experimental Techniques

3.1 Introduction

There are three main experimental methodologies used in this thesis. The first method-
ology involved a laboratory scale, non-overflowing flotation column which was used to
conduct the dynamic froth stability experiments in chapter 4. The second methodology
was the use of a continuously overflowing, bench scale mechanical flotation cell, initially
developed by Norori-McCormac et al. (2017) which was used to conduct the experiments
in chapters 4, 5, 6 and 7. The third methodology was positron emission particle tracking

(PEPT), which was used in the experiments in chapters 6 and 7.

3.2 Flotation Equipment

3.2.1 Laboratory scale, non-overflowing flotation column

One of the most commonly used laboratory measures of froth stability is the dynamic
froth stability (¥) which is measured using a modified Bikerman test (with froth rather
than foam), as described in section 2.4.2. In chapter 4, a laboratory scale, unstirred, non-
overflowing column was used to conduct such tests (figure 3.1). This set up is similar to
the systems used in a variety of other studies (Cilek and Karaca, 2015; Ip et al., 1999;
Li et al., 2017). The column was 157 cm tall with graduations on the front wall and a
square cross sectional area of 139.2 cm?. Air was injected into a chamber at the base of

the column where it then passed through a porous disk (porosity No. 1) of sintered glass,

47
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8 cm in diameter in order to produce bubbles. Between each experiment the column and
frit were cleaned thoroughly by rinsing each wall with water and then ethanol twice and

then finishing with a final rinse with water to ensure no ethanol remained on the walls.
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(a) Schematic of the column. Adapted from (b) Photograph of the column.
Molina et al. (2016).

Figure 3.1: Illustration of the non-overflowing laboratory scale flotation column.

3.2.2 Continuous bench scale cell

As discussed in chapter 2, bench scale flotation tests are important to further our under-
standing of the mechanics of flotation and are incredibly useful for designing improve-
ments to flotation cells. However, conventional batch flotation cells have their downfalls
in that they do not operate at steady state. Norori-McCormac et al. (2017) developed a
bench scale cell that overflows continuously, where the concentrate is pumped out of the
launder and back into the base of the cell rejoining the pulp. This allows steady state to be
achieved and the cell can operate over long periods of time. Due to the continuous nature

of the cell, air recovery is used to measure froth stability as described in section 2.4.2.

A key feature of the cell is that it needs to be easily modifiable and also to have well
understood hydrodynamics. The design and dimensions of the cell used in this work were
adapted from that described in Costes and Couderc (1988). Figure 3.2 shows a schematic

of the continuously overflowing cell along with a photograph of the cell in the laboratory.

The proportions of the cell are the same as presented for a standard mixing tank in

Costes and Couderc (1988). The internal diameter and height of the cell are 180 mm and
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Figure 3.2: Details of the design of the continuously overflowing flotation cell. The con-
centrate is pumped from the launder back into the pulp zone of the cell. Measurements
given in the schematic in (a) are in millimetres.

there are four baffles, equally spaced around the cell, with a height of 120 mm from the
base of the cell and protruding 18 mm from the wall. A six bladed Rushton impeller is used
to stir the tank and is connected via a Huco T Gearbox (supplied by RS Components Ltd.)
to a Marelli 0.37 kW AC Motor (supplied by Inverter Drive Supermarket). The plane of the
impeller is 60 mm above the base of the cell. At the base of the cell there is an air reservoir,
that is separated from the cell by a 110 mm diameter and 1.3 mm thick frit (supplied by
Carbis Filtration Ltd). The frit is comprised of multiple sintered layers producing a mesh
hole-size of 20 um. A flowmeter is attached to the reservoir at the base of the cell to allow
control of the air flowrate into the cell. The launder is angled in such a way as to allow the
concentrate to drain down to the front where there are two recycle points. These recycle
points are connected to two peristaltic pumps (Watson Marlow 530SN/R), the concentrate
is pumped into the base of the cell on either side. The two pumps were operated at the
same flowrate to prevent there being an imbalance in the flow from one side of the cell to

the other.

3.3 Flotation Environments

In this thesis, two different flotation environments were investigated. The first environ-
ment used a copper porphyry tailings ore obtained from a Chilean processing plant that
reprocesses material from a tailings dam (chapter 4). The second environment used a
simple, synthetic two-species ore of magnetite and silica (chapters 5,6 & 7). For experi-

ments in the laboratory scale flotation column, the solids content of the slurry was kept at
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9%.,¢, comprised of 600 g solids combined with 6 L. of deionised water. For experiments in
the continuous bench scale cell, regardless of the ore used, the solids content of the pulp
was kept constant at 24%,,;, comprised of 900 g solids combined with 2.9 L. of deionised
water. At the beginning of all experiments the slurry was pumped into the cell and ag-
itated with the impeller at 950 rpm for a duration of 10 minutes to ensure the particles

were sufficiently suspended and flow well developed.

3.3.1 Copper tailings ore

Samples of a Chilean copper tailings ore were obtained from a minerals processing plant
that reprocesses tailings material. This processing plant takes material from a local tailings
dam as the feed to the plant, this material is then sent through a primary hydrocyclone to
separate the fine and coarse material. Technical reports from the plant state that the ore is
primarily comprised of chalcopyrite and pyrite (Henderson, 2016). For the purposes of this
thesis, the mineralogy of the specific batch of material used was analysed in more detail
using QEMSCAN (quantitative evaluation of minerals by scanning electron microscopy).

The details of this analysis are discussed in section 3.6.2.

For this work, samples were obtained from the overflow and underflow streams of the
hydrocyclone. These samples were then dried and recombined in varying proportions in
order to vary the particle size distribution of the feed. The particle size distributions of the
overflow and underflow of the feed were measured using laser diffraction as described in
section 3.6.4 and can be seen in figure 3.3 and in table 3.1. The reagent environment used
was initially developed by Molina et al. (2016). The collector used was Sodium Isopropyl
Xanthate at 50gt~! (supplied by Grinding Solutions Ltd.) and the frother was DowFroth
400 (supplied by Nasaco Ltd.) at 20gt~!. Lime, CaO (supplied by Arcos Organics), was
added to the slurry to ensure a constant pH of 9 across all experiments. The reagents
were all added to the system at the same time and the environment was kept the same
for both experiments measuring dynamic froth stability and those measuring air recovery.
For the dynamic froth stability experiments, the solids, water and reagents were added to
the column at the same time with the air on to ensure the slurry was well mixed. After
two minutes the air was turned off and as soon as the froth had completely collapsed was
turned back on again for the start of the experiment. For the air recovery experiments, the

slurry was agitated in the cell for 15 minutes at 950 rpm for conditioning, prior to turning
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on the air.
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Figure 3.3: Particle size distributions of the hydrocyclone overflow and underflow streams
from the copper tailings reprocessing plant.

This copper tailings flotation environment was used to investigate the effects of chang-
ing the feed particle size distribution on flotation performance. For the dynamic froth
stability experiments in the non-overflowing flotation column, seven different particle size
distributions were used (Ay, — Gy in table 3.1) each at three different superficial gas veloc-
ities that ranged between 0.96cms~! and 1.92cms~!. It is important to note that since a
wide range of conditions were evaluated, not all cases could be run at the same three val-
ues of superficial gas velocity. For fine particles at high air rates the froth was very stable
and would quickly reach the full height of the column and overflow. At the other extreme,
coarse particles at low air rates did not produce a stable froth at all. For the air recov-
ery experiments in the continuously overflowing flotation cell, three different feeds were
used (4, — C, in table 3.1) at four different gas velocities each: 0.92cms™!, 1.05cms ™!

J

1.18cms ! and 1.31ecms— 1.

3.3.2 Two-species system

For the experiments with the synthetic magnetite and silica ore, reverse cationic flotation
was used, where the gangue, in this case silica, was the mineral that was floated and the
valuable, magnetite, remained in the pulp. The system followed that from Filippov et al.
(2010). The collector used was Dodecylaime at 98% purity at a concentration of 300 gt ™"

of silica. The activator used was 1-Tridecanol at a concentration of 100 gt~! of silica. The
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Table 3.1: Particle size distributions for the hydrocyclone overflow and underflow and the
seven feeds used for dynamic froth stability tests (subscript ) and the three feeds used
for air recovery tests (subscript «) in chapter 4.

Feed d10, [um] d50, [um] d90, [um]
Overflow 2.6 13.1 63.6
Underflow 5.8 104.8 278.7

As 2.6 13.1 63.6

By, 3.4 36.1 117.4

Cs. 4.2 89.0 171.2

Dy 4.6 70.5 198.2

FEx 5.0 81.9 224.9

has 5.3 88.8 241.1

Gy 5.8 104.8 278.7

A, 2.6 23.0 179.3

B, 2.9 30.2 219.1

Cy 3.3 47.1 253.4

depressant was modified corn starch at a concentration of 1875gt~! of magnetite. All
three of these chemicals were supplied by Sigma-Aldrich. The native pH of the slurry was
10 and so was not modified. The frother used in this work was Methyl isobutyl carbinol,
MIBC, (supplied by Sigma-Aldrich) at an initial dose of 12ml of a dilute 0.32 v/v% solution
(made with deionised water). This corresponded to a concentration of 13ppm MIBC in the
slurry. As MIBC is volatile the dilute solution was re-dosed at a rate of 6mlh~! (equivalent

t0 0.019mlh~! pure MIBC).

As previously mentioned, 900 g of solids was used in each experiment, this was com-
prised of 85 % Magnetite (supplied by LKAB minerals) and 15 % silica (supplied by Hodge
Clemco LTD). The magnetite was sieved before use to remove the <38 um material to pre-
vent sliming. The size distribution of the feed was measured by laser diffraction using
a Mastersizer 2000 (see section 3.6.4) and can be seen in figure 3.4 . After 10 minutes
agitating just the solids and deionised water, the activator and depressant were added to
the cell and left to condition for five minutes. The collector was then added and left to
condition for a further 10 minutes to allow sufficient adsorption onto the surface of the
silica. The MIBC was subsequently added and left to condition for two minutes before the
air was turned on at the desired initial air rate. The MIBC dosing was started immediately

after the air was turned on.

The two-species flotation environment was used to investigate the effects of superficial
gas velocity and different retrofit mesh designs on flotation performance and particle size

in chapter 5. Three superficial gas velocities were used: 0.65cms™!, 0.82cms™! and
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Figure 3.4: Particle size distribution of the synthetic magnetite and silica ore.

0.98 cms~!. Three different design cases were used, firstly the unmodified cell as the base
case and then two different retrofit meshes shown in figure 3.5. The purpose of the retrofit
meshes was to introduce a quiescent zone at the pulp froth interface in order to reduce
the detachment of coarser particles. As such, the meshes were inserted in the cell, flush

with the top of the baffles in order for the meshes to sit just below the pulp froth interface.

The meshes used in this study were based on the honeycomb meshes initially inves-
tigated by Norori-McCormac (2015). The first mesh used in this work, the “basic mesh”,
had a thickness of 20mm and a pore size of 30 mm. This was chosen as when used in
a single-species system by Norori-McCormac (2015) it was shown to result in the best
improvement in the indicative recovery, as well as the air recovery, in comparison to the
unmodified cell. Norori-McCormac (2015) also investigated this mesh using PEPT, where
it was shown to reduce the swirl at the pulp froth interface. The basic mesh design (figure
3.5(a)) was chosen for this study as it has been previously studied in a similar system and
will therefore provide a good baseline for comparison of the two-species system to the
single-species system. The results from the PEPT experimentation conducted by Norori-
McCormac (2015) indicated that there was an increased flowrate of water at the walls
of the cell, this was thought to explain why there was no improvement in grade with
the mesh. For the present study, the mesh design was adapted to try and counteract the
increased water flowrate, and therefore entrainment, by blocking in the outside holes of

the mesh. This “blocked mesh” (figure 3.5(b)) otherwise had the same dimensions as the
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“basic mesh” and was used in the same way. Both of the meshes were designed using
Sketch Up CAD software and exported as an “stl” file before being 3D printed. All three

cases were run at three superficial gas velocities and experiments were duplicated.

(a) Basic Mesh (b) Blocked Mesh

Figure 3.5: The two different mesh designs used in this chapter: (a) "Basic Mesh” and (b)
"Blocked Mesh”. Both meshes have a thickness of 20 mm, other illustrated dimensions are
in millimetres.

3.4 Data Collection

3.4.1 Dynamic froth stability experiments

In order to measure the dynamic froth stability (equation 2.2) in the non-overflowing
flotation column, the maximum height of the froth for each condition needed to be mea-
sured. Measurements of the froth height, to the nearest 0.5 cm, were recorded regularly
over a 30 minute period and each experiment was duplicated to obtain an average height.
Figure 3.6 shows froth height for the experiments at two different air rates for the coars-
est particle size distribution, with a d90 of 279 um. Each curve represents average data
across duplicated experiments, with intervals representing one standard deviation. This
illustrates that the froth height initially increased and after a period of 5 minutes slightly
decreased again, reaching steady state. Previous work has referred to the maximum froth
height, H,,.., when calculating >, however as can be seen from these experiments the
maximum height the froth achieved was not the froth height at steady state. In this work,

when calculating the dynamic froth stability the equilibrium height, H.,, which was the



3.4. Data Collection 55

steady state froth height reached after approximately 30 minutes of operation was used

instead of the maximum height.
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Figure 3.6: Froth height growth for experiments with d90 of 279 um over 30 minutes
of operation at two different superficial gas velocities. Intervals represent one standard
deviation

3.4.2 Air recovery experiments

In order to measure air recovery (equation 2.3) in the continuously overflowing flotation
cell, overflowing froth velocity and overflowing froth height were measured continuously.
An optical level sensor (ifm electronics, 01D300) was used to measure the froth height
via LabVIEW (figure 3.7 (a)). A web camera (AUSDOM AW615) was used to measure the
froth velocity via Froth Tracker, an in house image analysis program using block matching.
This works by the user highlighting a region of interest (R.O.I), the program then finds a
point within the R.O.I of the current frame, then matches this to the next frame. From
this, the velocity in change in pixels per frame was determined. This was then converted
to centimetres per second according to the calibration of the camera. A section of the
froth can be seen in figure 3.7(b) showing two R.O.Is used by Froth Tracker, for the work
in this thesis only the red R.O.I was used to calculate the velocity. There can be several
sources of error associated with the block matching algorithm such as the lighting contrast
and the quality of the camera. To minimise these effects the region of interest was well
lit by a floodlight to ensure that there was good enough contrast in the camera to pick up

changes frame by frame. In addition to this, a web camera without auto focus was chosen
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to ensure that the calibration from pixels to centimetres stayed true. Another important
factor to consider is that the conversion from pixels to centimetres using the calibration
relies on knowing the distance between the camera and the froth, however the height of
the froth changes. To counteract this the froth height data, combined with the known
distance between the camera and the lip of the cell, were used to more accurately convert

from pixels into centimetres.

The height data from LabVIEW and velocity data from Froth Tracker were then loaded
into MATLAB to calculate the air recovery, using equation 2.3, every second. Due to the
nature of the experiments, and the fact that bubbles will often burst, the air recovery data
is very noisy. In order to smooth this data and to aid interpretation, a 30 second moving

average was calculated
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Figure 3.7: Screen shots of measuring (a) froth height with labVIEW and (b) froth velocity
with Froth Tracker

Over the course of an experiment several different operating conditions can be run.
This is one of the benefits of having a system that runs continuously for an extended period
of time. Each condition was run for a total of 15 minutes, however only the data from the
last 10 minutes was used to calculate the average air recovery at that condition in order
to allow 5 minutes for the cell to reach steady state at each new condition. The condition
that was run at the beginning of the experiment was also repeated as the final condition,
allowing for any changes over the course of the experiment to be taken into account. From
these data, the change in air recovery due to varying different conditions; air rate, feed

size and cell design, can be established.
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3.4.3 Data processing
Analysis of variance

For the experiments performed using the continuous bench scale flotation cell in chapters
4 & 5 an analysis of variance test (ANOVA) was performed to determine if the means of
the different conditions were statistically different. This test assumes that the observations
are independent, the distributions of the residuals are normal and that the variance of the
data in the groups are the same. For each variable investigated (e.g. air recovery, grade,
etc.), an ANOVA test was conducted using the measured values of the variable as the
input data and the superficial gas velocity and the design (feed particle size in chapter 4
and physical design modification in chapter 5) as the two factors. The significance of the

interaction between these two factors was also determined.

Linear regression

For the experiments presented in chapter 5 there was a dependence in the results on the
date of the experiment and the time when the sample was taken throughout the experi-
ment, this is linked to variations in conditions such as ambient temperature and humidity.
This was established by repeating conditions within one experimental run and also repeat-
ing all experimental runs. The effects of date and time were determined by using them
as predictors to apply a step-wise linear regression model to the data. A quadratic model
was chosen for this which uses the interaction terms between predictors and their self
interactions. Each of the predictors were normalised between -1 and 1 in order to negate
the effects of the different orders of magnitude of each predictor. The resulting model
takes the form of equation 3.1, where y is the response, a is the coefficient and P is the
predictor. This model was then used to adjust the data to negate the differences caused
by date and time. Both of these steps were done using MATLAB. By doing this the effects
of changing the superficial gas velocity for each of the design cases is highlighted and the

effects of change in environment, due to date and time, are minimised.

y=ap+a.Pi+as.Po+ ..+ CL1y2.P1.P2 + ...+ CL171.P12 + ... (3.1
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3.5 Sample Collection

3.5.1 Non-overflowing column

Due to the fact the dynamic froth stability tests necessitated a non-overflowing column, it
was not possible to obtain direct samples of the froth. Instead preliminary flotation per-
formance tests for selected particle size distributions were conducted in a 3L Denver cell
with a cross-sectional area of 169 cm? at a superficial gas velocity of 1.44 cms~!. This air
rate was chosen to match the air rate for which dynamic froth stability experiments were
run for all seven of the particle size distributions. These tests were performed with the
same reagent environment and solids concentration as in the column flotation tests. The
Denver cell was operated with an agitation speed of 1200 rpm, a conditioning time of 5
minutes and a flotation time of 10 minutes. The performance of three particle size distri-
butions were investigated in this set of experiments, those with d90s of 117 um, 225um
and 279um. The concentrate samples from the flotation performance experiments were

analysed chemically using atomic adsorption spectrometry to determine copper content.

3.5.2 Continuously overflowing cell

In order to measure the flotation performance of the experiments in the continuously
overflowing cell, samples of the concentrate were obtained. A 3D printed scoop (figure
3.8) was designed for this purpose that fits exactly in the launder at the front of the cell
allowing for the concentrate to overflow the lip of the cell and into the scoop. A five second
sample of the concentrate was collected for most conditions, however, for conditions that
had a significantly slower overflow, a 10 second sample was taken. The mass of the
concentrate sample was then measured before the sample was dried and the dry weight

of solids was measured.

3.6 Sample Analysis

3.6.1 Solids flowrate as a proxy for recovery

In the continuously overflowing flotation cell, due to the fact that the concentrate is re-
cycled back into the pulp of the cell and there is no tailings stream, calculating mineral

recovery is non-trivial. Instead, solids flowrate to the concentrate can be calculated and
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Figure 3.8: The 3D printed scoop inserted into the launder of the cell.

from that a recovery per unit time. The length of the lip of the scoop is a quarter of the
length of the lip of the cell so this is factored in to ensure calculating solids flowrate for
the whole cell and not just the section sampled. This was calculated using equation 3.2,
where ¢ is the length of time over which the sample was collected and My, is the mass of

the dried sample.
Mdry

Flowrate = 4 (3.2)

Once the grade had been determined using the appropriate method for the ore being used,
this flowrate was converted into the flowrate of valuable material to the concentrate by

multiplying equation 3.2 by the grade.

3.6.2 Grade and mineralogical analysis of the copper tailings ore

The copper grade of the tailings ore was measured by Wheal Jane Laboratories (Cornwall,
UK). The samples were first prepared by hydrochloric acid attack and then the copper con-

tent analysed using a Thermo Fisher Scientific iCE 3300 Atomic Absorption Spectrometer.

The detailed mineralogy of each of the different feeds used for the air recovery exper-
iments was determined using QEMSCAN (quantitative evaluation of minerals by scanning
electron microscopy). A QEMSCAN E430 in bulk mineralogical analysis measurement
mode was used with a measurement time of 2.5 hrs and an acceleration voltage of 20kV.
The software used were iMeasure v.4.3 for data acquisition and iDiscover v.4.3 for data
processing. The QEMSCAN was calibrated using Quartz, Copper and Gold standards, with
preset values of 44, 130 and 232 respectively.
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3.6.3 Concentrate grade of the magnetite silica ore

For the magnetite silica ore, the grade of the samples was calculated in house using the
Accupyc II 1340 Gas Pycnometer (figure 3.9). This technique calculates the density of the
sample using gas displacement (with helium) to measure the volume of the void space in
the chamber and hence the volume of solids. The dry sample was inserted into the ap-
propriately sized sample cup to ensure using the maximum amount of sample for analysis
as possible. If all of the sample was not used up in the first round then a second sample
was analysed to ensure that the data were representative of the whole sample. As the
masses of the samples were small, rolling and quartering was not an appropriate method
to obtain a representative section of the sample, instead only small amounts of the sample
were added to the cup at a time and from different sections of the sample until the cup was
full. The density of each sample was measured 10 times in one analysis and the average
used as the final density for the sample. The densities of pure magnetite and silica were
measured first in order to calculate the grade. These were 5.10 gcm ™ and 2.47 g cm 3 re-
spectively. The grade of magnetite, Gj;, was calculated using equation 3.3, and similarly
the grade of silica, Gg, using equation 3.4 where pr, pys and pg are the densities of the
total sample, magnetite and silica, respectively. As this system is reverse flotation, a lower

magnetite grade and a higher silica grade indicate a better performance.

I
p ps

GM - %7 (3.3)
PM Ps
S

Gg =2 rr (3.4)
PM PSs

3.6.4 Particle size

The particle size of the feed and concentrate samples for all experiments was analysed
using a Malvern Mastersizer 2000 particle analyser. A small section of each sample (ap-
prox. 1g) was diluted to 20 mL using DI water in a graduated test tube. The test tube was
then agitated by hand to ensure the solids were in suspension before a small amount was
removed using a pipette an added to the Mastersizer. The obscurity was kept to approxi-
mately 12 % for all samples. Each sample was analysed twice to ensure accuracy. For the

feed samples of the copper tailings ore, a second sample was taken from the bulk sample
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h

(a) Gas Pycnometer (b) Sample Cup

Figure 3.9: The Accupyc II 1340 Gas Pycnometer (a) and the 1 cm? sample cup (b).

and analysed twice using the Mastersizer as there was a higher variability in the particle
size. The dqg, dso and dgyg sizes were then calculated as well as the volume fraction in each

size class in order to determine particle size distributions.

3.7 Positron Emission Particle Tracking

Positron emission particle tracking (PEPT) experiments were carried out for the work in
chapters 6 and 7. The PEPT experiments were conducted at the PEPT Cape Town facil-
ity, part of the iThemba LABS (South Africa). The Positron Emission Tomography (PET)
camera used at this facility is the ECAT HR++ (Model: CTI/Siemens 966). This camera
has high resolution and sensitivity (Buffler et al., 2018). The experiments in chapters 6
& 7 were carried out using the magnetite silica system with the same reagent environ-
ment used in the similar experiments performed in London (section 3.3.2). The same
three design cases were used for the PEPT work, however only one superficial gas veloc-
ity was used (0.82cms™1). In order to ensure a good resolution of the tracer throughout
the whole cell the experiments were run at one condition for an extended period of time
(approximately 2hrs for each tracer depending on the initial activity of the tracer). The
only modification to the system was a decrease in the height of the rig and the length of
the impeller by 20 cm in order to fit it into the camera, however the height of the plane of

the impeller remained constant relative to the cell (figure 3.10).

Before each experiment started it was important to know exactly where the cell was

within the camera and so a location marker was used. This was a small perspex cylinder



3.7. Positron Emission Particle Tracking 62

Figure 3.10: The continuously overflowing flotation cell inside the PET camera.

containing a ??Na radionuclide that was stuck onto the outside of the base of the cell.
Once the location of the marker had been recorded it was then moved to four further
locations around the cell at the same height. This produced a ring of known locations that

can then be used for the processing of the data.

3.7.1 Tracer production

The tracers for each experiment were produced by staff from PEPT Cape Town using an
ion exchange resin bead core, that was labelled with %Ga and then coated with particles
depending on the desired tracer type. This tracer was chosen due to its half life of 68 min
as this is sufficient to provide a strong enough signal for the length of each experiment, but
it will also have decayed enough that once the experiment has been concluded it can be
disposed of as radioactive waste. The initial activity of the tracers ranged between 950 uCi
and 1850 uCi. A detailed explanation of the production of the tracers can be found in Cole
et al. (2014). For this work four different types of tracers were used: three hydropho-
bic (coated in silica) and one hydrophilic (coated in magnetite). The three hydrophobic
tracer particles measured approximately 400 um, 500 um and 600 um in diameter and the
hydrophilic tracer particles measured 500 um in diameter. It is important to note that these
tracers are much larger than the size of the particles in the system due to the limitations in

the tracer manufacture process, but allow for a systematic investigation of particle size ef-
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fects, while maintaining a representative particle size distribution of the feed. The density
of the tracers was not modified or measured, due to limitations in the tracer manufacture
process. The density of the resin used to make the core is known to be approximately
1gcem™ (Cole et al., 2014), and so the total density of the finished coated tracers would
have been less than that of either the silica or especially the magnetite. This lower density
may mean that the silica tracer floated more easily than the silica particles in the feed,
and that the magnetite tracer was more likely to be recovered by entrainment than the
magnetite particles in the feed. However, when analysing the data it was determined,
from experiments in the unmodified cell, that the tracers were behaving as expected for
hydrophobic and hydrophilic tracers. In addition, the tracer manufacture procedure was
constant for all experiments, allowing a comparison of the effect that the different design

modifications had on the different types of particle within the system.

3.7.2 Tracer usage and disposal

Once the tracer had been produced it was inserted into the pulp of the experiment during
conditioning, before the air was turned on and the froth started overflowing. An experi-
ment was then performed until the tracer activity reduced to a point where the data was
not usable. Due to the radioactive nature of these experiments the tracer had to be ex-
tracted from the system post experiment. This was done by pumping small amounts of
slurry out of the cell at a time and checking for the tracer with a Geiger counter. Once
the tracer was located it was placed behind lead shielding. The remaining slurry was then
pumped out of the cell and left overnight for any activity that had leached into the slurry

to decay before it was disposed of.

3.7.3 Data collection and analysis

The data from the camera was collected in 20 minute blocks at a rate of 1000 counts per
second that were then processed to determine the raw position of the tracer within the

system.

The first step of processing the data was to use a triangulation algorithm (Parker et al.,
1993) in order to locate the position of the tracer for each of the annihilation events. This
uses the fact that the PET camera will detect the gamma rays and their lines of response

(LORs) can be determined. In theory, where these LORs intersect will be the location of
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the tracer and therefore only two are required. In reality, many of the LORs detected will
occur due to Compton scattering or from detecting gamma rays from separate annihilation
events (Buffler et al., 2018) resulting in a much larger number of LORs being required to
determine the location of the tracer. Added to this, the LORs will not intersect exactly
at a single point and so the point used will be the one that minimises the distances to
all the LORs. The data from the LORs were then transformed into Cartesian coordinates
for the position and a time for use in the processing. The number, N, of events to be
grouped and the proportion, f, of these events to be kept in the analysis were then defined.
The necessity to choose an f value is due to the fact that Compton scattering will cause

anomalous events and so some data needs to be discarded.

In order to determine the optimal N and f values for processing the PEPT data in this
study an optimisation test was run. For this, a subset of data sets were processed using all
combinations of N and f values with NV values increasing from 50 to 300 in increments of
50, and f values increasing from 5 to 25 in increments of 5. The different data sets chosen
included samples from different design modifications, different types of tracer, different
initial activities of tracer, and different points throughout the experiment. After the data
had been processed the resulting coordinates of the tracer through time were plotted and
used to decide an optimal pairing of N and f. Figure 3.11 shows examples of different N
and f combinations for an experiment using a hydrophobic tracer in the unmodified cell.
This indicates that a low f value leads to spurious data points outside the physical space
of the cell, and a high NV value leads to loss of some data. After analysing the subset of
data in this way it was determined that values of N = 250 and f = 15 gave optimal results

for all experiments.

After the optimal N and f values were determined all of the data sets obtained from
the PEPT experiments were processed with these values. Subsequently, the processed data
was then filtered to remove points known to be outside of the cell (i.e. in the launder or
recycling tubes) and then smoothed and processed in MATLAB to determine the tracer

speed, stream lines and occupancy throughout the cell.

The flotation cell was divided into 36 segments to provide voxels that had a cross
section of 10 mm by 10 mm and were 10° wide as illustrated in the schematic in figure
3.12(a). The tracer location data were then binned into these voxels to represent how
the tracer behaved in different sections of the cell. The size of the voxels was chosen to

give enough information about varying zones in the cell whilst taking into account the
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Figure 3.11: Different N and f combinations for a hydrophobic tracer in the unmodified
cell

accuracy of the tracer location. Once binned, the location of the tracer was processed
in different ways to determine a range of variables about the tracer. The first variable
that was calculated was the velocity of the tracer in each direction and therefore also the
speed. This was done by comparing the current tracer location to the next and calculating
the change in distance and time. As the tracer locations were noisy this was done over
15 data points in order to smooth the data to some extent. The average value for each
velocity component in each voxel was calculated, which gave an indication of the general
movement of the tracer in that region of the cell. The second variable was the occupancy

of the tracer within the cell. This was calculated as the length of time the tracer spent in
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a voxel as a proportion of the total experiment time. This value was also normalised by

volume to account for the different volumes of voxels in a cylindrical system.

In order to determine how the different variables vary throughout the dimensions of
the cell, 6 wedges from the centre of the cell were taken, as illustrated by the shaded
areas in figure 3.12(a). The voxels were then averaged between the slices to produce an
average slice through the cell and to obtain a standard error of how the values change in
different locations through the cell. The slices were chosen so that the mesh profile was
the same through all of them, as illustrated in figure 3.12(b) & (c). This was to ensure
that the effects of the presence of the mesh could be fully understood. In addition to
calculating the velocity components and the occupancy of the tracer in each voxel in the
cell, the average streamlines of the tracer in the vertical slices were calculated. This was
done using the values of the vertical and radial velocity components in each voxel in the
averaged slice with the “streamslice” function in MATLAB. The streamline density for this
function was chosen as 0.5 so as to represent the flow of the tracer throughout the slice at

a similar resolution to the voxel size.

-
1

(a) Division of the cell for PEPT (b) Basic Mesh (c) Blocked Mesh
data processing

Figure 3.12: (a) Illustration of how the cell is divided into voxels for processing, wedges
averaged to create vertical slices are indicated by the shaded regions. The two different
mesh designs used in this chapter: (b) basic mesh and (c) blocked mesh, with holes
labelled A — D. Red arrows indicate the six wedges averaged to create the vertical slices.

Occasionally, the tracer appears as though it was stuck in a particular location. In fact
this was not stuck, the tracer was just moving incredibly slowly. This suggests potential
areas of froth that are stagnant. These locations were always just below the lip of the

cell and at the wall, however were not always at the same place around the cell. These
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zones were not seen in all experiments but were seen in all design modifications, however
they occurred more frequently in the cases where there was a mesh. For the bulk of
the interpretation of the PEPT data these points were filtered out of the data set as they
obscured the bulk flow of the tracer. Before analysis of the PEPT data, the location of the
tracer, over time, for each experiment was plotted to ensure that the tracer was floating
appropriately. In some experiments the tracer would be recovered to the concentrate
frequently, however, after a period of time it would then stop floating at all. This indicates
that the hydrophobic coating broke preventing the tracer from being recovered. In these
cases the data after this point was not used in the analysis. Figure 3.13 shows that this
was the case for the 500 um tracer in the unmodified cell as the frequency with which the
tracer was in the froth dropped after approximately 30 minutes. In this example only the

first 20 minutes of data was used in the analysis. Plots of time versus height for all other

tracers can be found in appendix C.

L'”lllia; bufblod e

Height [mm]

Figure 3.13: Graph of tracer height over time for the 500 um tracer in the unmodified
cell. The pink dashed line shows the height of the lip of the cell, the yellow line shows
the height of the baffles and the black dashed line shows the height of the plane of the
impeller.



Chapter 4

The effects of particle size on the
flotation performance of a copper

tailings ore

4.1 Introduction

This chapter! aims to improve the understanding of the relationships between particle
size of the feed and the superficial gas velocity, and froth stability for a copper tailings
ore. Two different measures of froth stability are used, dynamic froth stability (¥) and air
recovery («), allowing a direct comparison between the two. The dynamic froth stability
was measured in a non-overflowing laboratory scale flotation column (section 3.2.1) and
the air recovery was measured in the bench scale, continuously overflowing mechanical

flotation cell first used by Norori-McCormac et al. (2017) (section 3.2.2).

In the work presented in this chapter, the non-overflowing flotation column was used
to investigate the dynamic froth stability of seven particle size distributions. Due to limited
quantities of material, it was necessary to investigate fewer particle size distributions with
the continuously overflowing mechanical flotation cell. Three distributions were chosen to
investigate further the trends seen from the dynamic froth stability results. An experiment
with a fourth, coarser, particle size distribution was attempted, however during experi-

mentation there was an air leak in the cell impacting the reliability of the results and so

IThe results from this chapter have been published in two papers, the dynamic froth stability results in
Mackay et al. (2018) (appendix A.1) and the air recovery results in Mackay et al. (2019) (appendix A.2)

68
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these are not included. Due to limited quantities of copper ore this experiment was not

able to be repeated.

The two measures of froth stability are directly compared in this chapter and the
implications of the results are discussed in relation to improving the reprocessing of copper

tailings via froth flotation.

4.1.1 Ore characterisation

The samples used in this chapter were obtained from a Chilean processing plant that
reprocesses both historic and fresh copper tailings with copper grades of 0.27 % and 0.12
%, respectively. Due to the nature of tailings, approximately 50 % of the material entering
the plant is less than 10um. The plant uses a primary hydrocyclone to split the material
for processing. The hydrocyclone overflow stream has a dgy of 63.7um and the underflow
stream has a dgyg of 279 um. The underflow stream is then processed via flotation. Samples
were obtained from the underflow and overflow streams of the primary hydrocyclone, as
slurry, and then dried, resulting in two samples with different particle size distributions.
This allowed the two samples to be combined in different ratios to produce the different
particle size distributions investigated in this chapter. The particle size distributions used
in the dynamic froth stability experiments are shown in table 4.1, and those used in the
air recovery measurements are shown in table 4.2. These particle size distributions were

determined using a Malvern Mastersizer 2000 particle analyser.

Table 4.1: Particle size distributions of feeds used in dynamic froth stability experiments.

Feed | d10, [um] d50, [um] d90, [wm]
As. 2.6 13.1 63.6
Bs. 3.4 36.1 117.4
Cs, 4.2 89.0 171.2
Ds, 4.6 70.5 198.2
B, 5.0 81.9 224.9
Fs, 5.3 88.8 241.1
Gy, 5.8 104.8 278.7

Table 4.2: Particle size distributions and copper content for the three different feeds used
in air recovery experiments.

Feed | d10, [um] d50, [um] d90, [um]
A, 2.6 23.0 179.3
B, 2.9 30.2 219.1
Cy 3.3 47.1 253.4
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Figure 4.1: Mineral composition of the different feeds, from the QEMSCAN analysis, split
into (a) minerals that comprise more than 5% of the feed and (b) minerals that are less
than 2.5% of the feed.

The detailed mineralogy of each of the three feeds used for the air recovery experi-
ments (A, — C,) in this chapter was determined using QEMSCAN (as described in section
3.6.2) and can be seen in figure 4.1. The mineralogy shows that, in general, there was no
large difference in the mineralogy of the different feeds used. The liberation by size of the
chalcopyrite, for particles greater than 75um and less than 75 um, is shown figure 4.2. For
all three feeds, the majority of the chalcopyrite had a liberation of lower than 50% and
this poorly liberated chalcopyrite was mostly over 75um. Feeds A and B contained no

chalcopyrite that was more than 50% liberated and over 75 um, whereas feed C' contained
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Figure 4.2: Chalcopyrite liberation by size from QEMSCAN analysis of the three different
feeds.

a large proportion of chalcopyrite that fits into this category. The chalcopyrite in feeds B
and C was better liberated than feed A, with a higher proportion of the chalcopyrite being

over 50% liberated.

4.2 Froth Stability

4.2.1 Dynamic froth stability

The dynamic froth stability factor, Equation 2.2, was calculated for each experiment using
the equilibrium heights, which can be found in Table 4.3. Figure 4.3 shows the dynamic
froth stability factor, for different particle size distributions at constant air rates. For all
particle size distributions, decreasing the superficial gas velocity lead to a decrease in
dynamic froth stability factor. This is contrary to what was found by Aktas et al. (2008). It
is important to note that the superficial gas velocities used in this work were higher than

those use in previous work and are more similar to industrial values.

From the results in figure 4.3, there is an overall decrease in dynamic froth stabil-
ity with increasing particle size. However, the decrease is not smooth and two stability
regimes can be seen. The first is at finer particle size distributions, below 171 um, where
the dynamic froth stability factor decreases as d90 increases. At the coarser particle size
distributions, above 171 um, there is a local maximum in froth stability at a given su-
perficial gas velocity. This maximum is much more pronounced at higher superficial gas

velocities.
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Table 4.3: Average equilibrium heights, H.,, and dynamic froth stability factors, ¥, for all
particle size distributions and superficial gas velocities, .J,, investigated.

Feed, [um] | Jg, [cm s~ 1] H.q, [cm] X, [s]
As, 0.96 11.7 12.2
As 1.20 19.6 16.3
Ax 1.44 30.2 20.9
By, 0.96 3.8 3.9
By, 1.20 7.8 6.5
By, 1.44 23.4 16.3
Cs. 1.20 4.1 3.44
Cx, 1.44 15.7 10.9
Cs, 1.68 30.2 18.0
Ds, 1.20 7.0 5.8
Dy, 1.44 14.8 10.3
Dy, 1.68 42.0 25.0
Fs 1.20 3.9 3.2
FEs; 1.44 17.6 12.2
Exs, 1.68 47.9 28.5
Fx, 1.20 2.9 2.4
Fs 1.44 7.5 5.2
s 1.68 21.6 12.8
Gx 1.44 4.7 3.2
Gyx 1.68 13.2 7.9
Gx 1.92 25.8 13.4

It is clear that, when operating towards the right hand side of the graph, there is
an optimal particle size distribution that will improve the dynamic froth stability. This
suggests that if the tailings reprocessing plant were to slightly lower the cut size of the

primary hydrocyclone they could improve the froth stability in the flotation cells.
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Figure 4.3: Dynamic froth stability for different particle size distributions at a range of
superficial gas velocities. Error bars represent one standard deviation.
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4.2.2 Air Recovery

In order to further investigate the local maximum in froth stability seen in figure 4.3,
experiments were conducted in the continuously overflowing flotation cell measuring air
recovery. These experiments were performed using three particle size distributions with
dgp between 170um and 260um to encompass this local maximum. When conducting
air recovery tests, it is important to verify that the changes in air recovery are caused
by changes in operating conditions and not by changes in the system with time. To do
this a test was run for an hour and a half to ensure the operation remained at steady
state. Figure 4.4 shows the moving average of the air recovery over 90 minutes for an
experiment at a .J; =0.92cms~!. The data was divided into six, 15 minute windows and
the data in the last 10 minutes of each window were averaged (the data in the light grey
vertical bands) to analyse the change in air recovery over time. The average value for
each of these 10 minute windows is presented in figure 4.4, with red dots and error bars
representing a 95% confidence interval. The overall 95% confidence interval is presented

in figure 4.4 with a horizontal dark grey band.

100 T LI T T I 1 1
—Moving Average Air Recovery|
§ Average Air Recovery
80 .
S
2 60F .
[}
> W’M
Q
8 ! h v
= 401 .
=
<
20 .
O 1 1 1 1 L 1 1 1
0 10 20 30 40 50 60 70 80 90

Time [min]

Figure 4.4: The variation in air recovery over time at a constant condition, with 10 minute
measurement windows highlighted by light grey vertical bands and a confidence band for
the average value of air recovery represented by the dark grey horizontal band. Error bars
represent a 95% confidence interval.

A heat map of the air recovery data for varying feed size distributions and superficial
gas velocities can be seen in figure 4.5. When investigating the effects of varying superfi-
cial gas velocity for a constant feed size (the rows of the heat map) only feed A displays a
peak in air recovery which is at a superficial gas velocity of 1.18 cms~!. At coarser feeds,
there is no peak in air recovery. Figure 4.5 shows that varying the particle size distribution

of the feed for a given superficial gas velocity (the columns of the heat map) has a stronger
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effect on the air recovery; feeds B and C result in higher air recoveries for all superficial

gas velocities investigated.
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Figure 4.5: Heat map of air recovery for different feed dgps and superficial gas velocities.
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Figure 4.6: The variation in air recoveries with varying feed size at different superficial
gas velocity. Error bars are one standard deviation.

Table 4.4: ANOVA table of air recovery with particle size distribution. Variables that are
significant are highlighted.

Sum of Degrees of Mean of

Source Squares Freedom  Squares F-Stat p-Value
Feed Size 3330 2 160 10.8 0.010
Superficial Gas Velocity 436 3 145 094 0477
Interaction 223 6 37.1 0.24  0.947
Error 926 6 154
Total 5490 17

For a better understanding of the relationship between feed size and air recovery, the
data are presented in more detail in figure 4.6. The air recovery with varying feed size

is plotted for each superficial gas velocity with error bars as one standard deviation. An
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ANOVA test was performed on these data (table 4.4), which shows that only changing the
feed size had a statistically significant effect on the air recovery. This indicates that, re-
gardless of the superficial gas velocity used, there is a clear improvement in froth stability
at intermediate feed sizes, with dgy between 220 um and 260 um. These data also corre-
late well with the relationships shown in the experiments performed by Norori-McCormac
et al. (2017) at the lower two superficial gas velocities they investigated, and the relation-

ship shown by Mackay et al. (2018).

4.2.3 Comparison between stability measures

Both the dynamic froth stability and the air recovery experiments were conducted using
the same batch of copper tailings ore, allowing a direct comparison between the two
measures of froth stability to be made. Figure 4.7 shows the two data sets plotted together,
with dynamic froth stability on the left hand axis and air recovery on the right hand axis.
Both data sets showed high froth stabilities at approximately the same feed size, dgy of
~220um. The air recovery data, however, does not have a clear maximum value. It
is likely that a maximum occurs at a feed particle size distribution between B and C

corresponding directly with the peak in dynamic froth stability.
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Figure 4.7: Comparison of dynamic froth stability (pink and left hand axis) and air re-
covery (blue and right hand axis) for the same batch of copper tailings ore. Error bars are
one standard deviation.
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4.3 Flotation Performance

4.3.1 Dynamic froth stability

In order to understand the effect of particle size distribution, not only on dynamic froth
stability but also on flotation performance, preliminary experiments were conducted using
batch flotation tests. These were performed on three particle size distributions with a
superficial gas velocity of 1.44cms™! (condition numbers 6, 14 and 19 from Table 4.3).
The three particle size distributions chosen were i) the closest to the feed to the primary
hydrocyclone, ii) the local maximum in dynamic froth stability, and iii) the size currently
being sent to the flotation circuit. Figures 4.8 and 4.9 respectively show the results of

copper grade of the concentrate and copper recovery as a function of particle size (d90).
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Figure 4.8: Concentrate grade from batch flotation tests and dynamic froth stability at a
superficial gas velocity of 1.44 cms™! . Error bars represent one standard deviation.
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Figure 4.9: Copper recovery from batch flotation tests and dynamic froth stability at a
superficial gas velocity of 1.44 cms™! . Error bars represent one standard deviation.
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The highest copper grade (figure 4.8) was achieved at the largest particle size, with
a d90 of 279um, which corresponds to the lowest dynamic froth stability. This is the
opposite effect to that which was reported in Barbian et al. (2005). It is observed that at
the particle size distribution where there is the local peak in dynamic froth stability, d90
of 225um, there is also a peak in copper recovery (figure 4.9). It is also interesting to
note that out of the three particle sizes the one with highest dynamic froth stability, d90 of
117 wm, actually corresponds to the lowest copper recovery. This indicates that there is not
always a direct correlation between dynamic froth stability and copper recovery, contrary
to the results from McFadzean et al. (2016b). The results here show that dynamic froth
stability alone cannot be used to determine an optimal particle size for performance, but

it is also important to consider which of the two stability regimes is being investigated.

4.3.2 Air recovery

Whilst the feeds B and C' were shown to result in the highest froth stability, it is important
to understand how this trend is reflected in the flotation performance. One of the benefits
of running experiments in the continuously overflowing cell, is that the air recovery can
be measured while, at the same time, samples of the overflowing froth can be taken to
determine flotation performance. The copper content of the feed and concentrate sam-
ples was analysed to determine grade and recovery. This was done for experiments with

superficial gas velocities of 0.92cms™! and 1.18 cms™!.

Figure 4.10 shows the copper grade of the concentrate from experiments with a su-
perficial gas velocity of 0.92cms~! and 1.18 cms~!. It is observed that the grade decreases
as superficial gas velocity increases. The analysis of variance results in table 4.5 show that
this change was significant. This behaviour is expected, as higher superficial gas velocities
will result in higher entrainment factors and therefore a reduced grade (Neethling and
Cilliers, 2009). The analysis also shows that there is no statistically significant difference

in the concentrate grade with different feed sizes.

Figure 4.11 shows that the copper recovery is higher for the higher superficial gas
velocity which is often associated with and increase in mass pull. Feed B, which showed
an improvement in air recovery, also has the best copper recovery at both superficial gas
velocities. The analysis of variance in table 4.6 shows that both the feed size and the

superficial gas velocity had a significant effect on the copper recovery. This is in line with
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Table 4.5: ANOVA table of concentrate grade with particle size distribution and superficial
gas velocity. Variables that are significant are highlighted.

Sum of Degrees of Mean of

Source Squares Freedom Squares F-Stat p-Value
Feed Size 0.019 2 0.010 2.29 0.144
Superficial Gas Velocity 0.276 1 0.276 66.1 0
Interaction 0.005 2 0.002 0.55 0.593
Error 0.050 12 0.004
Total 0.396 17
1-5 T T T T T T T T T
< T —— i
:‘ | B T O -
s
S i
2| e
£ +
g
2051 _
(=3
o
Superficial Gas Velocity
=0.92
1 1 1 1 1 1 1 I - 1.18 I
(1)70 180 190 200 210 220 230 240 250 260 270

Feed d90 [pm]

Figure 4.10: Concentrate grade for samples taken at 0.92cms~ ' and 1.18 cms~!. Error
bars are 1 standard deviation.

the experimental results presented in Mackay et al. (2018), which showed that the feed
with a similar particle size distribution to B, and which yielded a local peak in dynamic
froth stability, corresponded to an improvement in copper recovery. Feed C, with a similar
air recovery value to feed B, shows a decrease in flotation performance, despite the fact
that they also have similar mineralogical composition. This indicates that the particle size

distribution of feed B is optimal for an improvement in flotation performance.

Table 4.6: ANOVA table of copper recovery with particle size distribution and superficial
gas velocity. Variables that are significant are highlighted.

Sum of Degrees of Mean of

Source Squares Freedom Squares F-Stat p-Value
Feed Size 301 2 151 5.43 0.021
Superficial Gas Velocity 198 1 198 7.12 0.021
Interaction 29.5 2 14.7 0.53 0.601
Error 333 12 27.7

Total 882 17
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Figure 4.11: Copper recovery to the concentrate for samples taken at 0.92cms™" and

1.18 cm s~ 1. Error bars are 1 standard deviation.

4.4 Discussion

Previous work by Aktas et al. (2008), Liang et al. (2015) and McFadzean et al. (2016a)
only reported a decrease in dynamic froth stability with an increase in particle size. How-
ever, the work done in this thesis has shown that there were two stability regimes. The first
is at lower feed d90s, where there was a decrease in froth stability for an increase in par-
ticle size. The second is at higher feed d90s, where dynamic froth stability goes through a
maximum as the d90 of the feed increases. There are differences in experimental method
between this work and that of previous studies (as discussed in detail in section 2.4.4),
such as the range of particle sizes considered and the superficial gas velocities used, mean-
ing that a similar maximum may exist in those systems but was not encompassed by the
data. At the lower of two air rates investigated in the dynamic froth stability experiments,
the data was smoother and the local maximum was less pronounced. These air rates were
similar to the one used in experiments by McFadzean et al. (2016a), suggesting that it is
not just the particle size that plays an important role in froth stability but there is also a
superficial gas velocity effect. These results also show that the relationship is more com-
plex than previously thought. This is similar to the findings from Norori-McCormac et al.
(2017) when investigated the effects particle size and superficial gas velocity have on the
air recovery. Whilst Ip et al. (1999) discuss that their results illustrate the same decrease
in froth stability with an increase in size as presented by other authors, the relationship

was not smooth. In fact, the data shows a plateau at a similar particle size to where there
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local maximum is seen in the data in this chapter.

In order to investigate this local peak in dynamic froth stability further, experiments
were conducted using the same ore, but in the continuously overflowing flotation cell
measuring air recovery. Three particle size distributions were used for the air recovery
experiments, chosen to be in the second regime at the higher d90s. The air recovery
results also showed that there was a maximum in froth stability at approximately the same
values of d90 as was seen with the dynamic froth stability results. This confirms that the
relationship between particle size and stability is more complicated than has previously

been discussed.

It was also important to establish how this peak in froth stability correlates to flotation
performance. For both sets of experiments grade and recovery were measured. In the
dynamic froth stability experiments this had to be done separately in Denver cells as the
column was not an overflowing one (to necessitate the calculation of the dynamic froth
stability). However, in the experiments with air recovery the grade and recovery could
directly be measured at the same time as froth stability - one of the benefits of using the
continuously overflowing flotation cell. Both sets of analysis showed that the local peak
in stability corresponded to a clear improvement in copper recovery, with little impact on

the grade.

4.4.1 Implications for reprocessing mine tailings via froth flotation

The samples of copper tailings used in this chapter were obtained from a plant currently
reprocessing historic and fresh tailings material from a mine in Chile. The plant uses a
primary hydrocyclone to split the material before processing. The underflow from the

hydrocyclone, with a dgg of 279 um, is then processed via froth flotation.

The findings from section 4.3 indicate that the size distribution of the material cur-
rently being sent to flotation in this plant is not optimal. Instead, altering the cutsize of
the hydrocyclone to produce a feed particle size distribution with a dgg of approximately
220 um would result in improved copper recovery from the tailings material. Altering the
particle size distribution of the feed to the flotation circuit would also reduce the amount
of material sent to final tailings, therefore reducing the environmental impacts from mine

waste.

Previous work by other authors (Ip et al., 1999; Norori-McCormac et al., 2017) has
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shown that the relationship between particle size and froth stability is not a simple one.
The work in this paper compounds that fact, clearly showing that there can be an optimal
particle size distribution for froth stability that correlates to an improvement in flotation
performance. Evidence suggests that this behaviour is exhibited by a variety of particle
systems. It would therefore be wise for a tailings reprocessing plant to conduct simple

froth stability tests to determine the optimal particle size distribution to improve recovery.

4.5 Conclusions

The experiments in this chapter investigated the effects of feed particle size distribution,
at a range of superficial gas velocities, on the froth stability and flotation performance
of a copper tailings ore. These experiments were performed using two different method-
ologies for two different measures of stability. The first method used a laboratory scale,
non-overflowing column to measure the dynamic froth stability. The second method used
a continuously overflowing bench scale flotation cell which is more representative of in-
dustrial systems than cells used for traditional batch tests. This flotation cell had previ-
ously only been used to investigate a single-species, idealised system. In this chapter, the
cell was used to investigate a complex copper tailings ore, and was shown to be able to

operate at steady state for an extended period of time.

The experiments in this chapter have enabled the relationship between feed particle
size distribution, superficial gas velocity and froth stability to be investigated further. For
the first time, there has been a direct comparison between two different measures of froth
stability: dynamic froth stability and air recovery. The results have shown that, for the
same tailings ore, the feed particle size distribution that resulted in a local maximum in
dynamic froth stability also yielded a maximum in air recovery. This strongly indicates that
an intermediate distribution can result in the best froth stability. This effect was observed

at multiple superficial gas velocities.

The flotation performance was also investigated and the results showed that the par-
ticle size distribution which had the optimal froth stability, both in terms of air recovery
and dynamic froth stability, resulted in the highest copper recovery. In the case of the pro-
cessing plant from where the samples in this chapter were obtained, altering the particle
size distribution of the material sent to flotation, to the optimal shown in this chapter,

would translate to improved flotation performance and therefore also reduce the amount
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of material sent to final tailings. The findings in this chapter have important implications
for the reprocessing of mineral resources from tailings, suggesting that froth stability tests
to find the optimal particle size distribution should be carried out before reprocessing tail-
ings by froth flotation. This will allow for enhanced mineral recoveries to be achieved,
thus contributing to a more efficient use of resources and the reduction of environmental

impacts associated with mineral tailings.

Whilst the results in this chapter have shown that the continuously overflowing cell
can be used successfully with a complex real ore, there are two key limitations that need
to be considered for future test work using the continuous flotation cell. Firstly, it is
challenging to control the mineralogy, and specifically the content of valuable mineral,
in the feed. Secondly, in order for the system to operate at steady state it was necessary
for the concentrate samples to be small, so that not too much material is removed from
the cell. This means that the concentrate samples are too small to analyse for mineralogy
and liberation and gain a better understanding of which particles are floating. Due to
these limitations the following chapters will use a simpler system, with a synthetic two-
species ore. This will allow more control over the mineralogical content of the feed and
a better understanding of the composition of the concentrate samples, whilst still being

more representative of industrial flotation tests than a single-species ore.



Chapter 5

Assessing the effect of retrofit
modifications on flotation

performance

5.1 Introduction

In chapter 4, the continuously overflowing flotation cell (described in section 3.2.2) was
used to investigate the effects of feed particle size distribution on the froth stability and
flotation performance of a copper tailings ore. This ore was more complex than has previ-
ously been studied in this cell. The results from chapter 4 had important implications for
the reprocessing of tailings material via froth flotation, however, there were limitations as
it was difficult to control the mineralogical composition of the ore and, due to the maxi-
mum size of concentrate samples that can be taken using this cell, it was challenging to

get a full overview of the mineralogical composition of the concentrate samples.

In this chapter, the continuous flotation cell was used with a synthetic ore. This ore al-
lowed for more control on the composition of the feed than a real ore, as well as the ability
to obtain a full analysis of the concentrate samples, whilst still being more representative
of industrial flotation cells than a single-species ore. The flotation environment used was
reverse flotation of magnetite and silica as described in section 3.3.2. This chapter illus-
trates that the reverse flotation system runs at steady state for over an hour, allowing the

superficial gas velocity to be varied multiple times within a single experiment.

Both Norori-McCormac (2015) and Morrison et al. (2017) showed that using retrofit

83
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design modifications of horizontal meshes inserted at, or near to, the pulp-froth interface
could improve the flotation performance relative to the unmodified cell. The purpose of
the design modifications is to provide a more quiescent environment at the pulp-froth
interface, in order to reduce particle detachment and therefore improve performance.
Both of these studies, however, used simplified single-species ores, and so it is important to
assess if the horizontal meshes will still result in an improvement in flotation performance
with a more representative two-species ore. Two different horizontal meshes (figure 5.1)
were assessed in this chapter. Both meshes were 20 mm thick and had a diameter of
180 mm and the holes measured 30 mm across the diagonal. The meshes sat below the
pulp-froth interface, at the top of the vertical baffles in the cell, 120 mm from the base of
the cell. The first mesh investigated was the mesh that was shown to be optimal by Norori-
McCormac (2015). The second mesh has a similar design but the outermost holes were
blocked in with the aim of reducing the water content at the cell wall and hence reduce
solids entrainment. The different design modifications were assessed for the effect that
they had on froth stability, metallurgical performance and particle size of the concentrate

in comparison to the unmodified cell.

(a) Basic Mesh (b) Blocked Mesh

Figure 5.1: The two different mesh designs used in this chapter: (a) "Basic Mesh” and (b)
"Blocked Mesh”. Dimensions are in millimetres.
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5.2 Steady State Operation

The purpose of using the continuously overflowing bench scale flotation cell is to use a
steady state system to measure air recovery and flotation performance at a variety of dif-
ferent operating conditions which can be changed multiple times within as single exper-
iment. It is therefore important to determine that the system does actually run at steady
state for the desired period of time. In order to verify this, an experiment was conducted
where the operating conditions were not changed. Figure 5.2(a) shows the moving aver-
age of the air recovery over time for an experiment with no physical design modifications

and a superficial gas velocity of 0.82cms™!.

The moving average is quite noisy due to
the high sampling frequency of the froth height and velocity. In experiments where the
conditions were changed, each condition was run for a total of 15 minutes. The first five
minutes of operation at each condition were taken as conditioning time, and the data for

the remaining 10 minutes was averaged to obtain the air recovery value for that condition

(represented by the light grey vertical bands).

The moving average of air recovery does not change significantly over time showing
that the system can operate at steady state for approximately an hour with results being
reproducible over time. There is however a slight drop off in the last measurement window
(50-60 minutes). Figure 5.2(b) shows the average air recovery for each of the 10 minute
measurement windows. This shows that the mean of the air recovery in the final window
is statistically significantly different from the other means. This difference suggests that
there was a small depreciation in the system over time. This was corrected for by repeating
the initial operating condition as the last condition and the data then being processed
using a linear regression model as described in section 3.4.3. All data in the remainder of

this chapter have been adjusted in this way.

5.3 Froth Stability

As discussed in section 2.4.2, previous work suggests that there would be a peak in air
recovery (PAR) when the superficial gas velocity (J,) is increased. This phenomenon has
been observed both in the lab and industrially (Hadler and Cilliers, 2009). The PAR has
also been observed in work by Norori-McCormac (2015) when using meshes, however

results from Morrison et al. (2017) in a similar, but larger, cell also implementing meshes
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showed the air recovery decreased monotonically with increasing superficial gas velocity.

Figure 5.3 shows the relationship between the adjusted air recovery and superficial
gas velocity. It is clear that none of the design conditions show a peak in air recovery. An
analysis of variance (ANOVA) test was performed on these data (table 5.1) which showed
that the effect of changing the superficial gas velocity on the air recovery was significant,
whilst the effect of changing the mesh was not significant. It also showed that the effect
that changing the superficial gas velocity has on the air recovery was dependent on the

mesh used, with statistical significance.
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Table 5.1: ANOVA table of air recovery for changes in superficial gas velocity and the
different design modifications. Significant values are highlighted.

Sum of Degrees of Mean of

Source Squares Freedom Squares F-Stat P-Value
Superficial Gas Velocity  55.5 2 27.7 8.17 0.004
Design Modification 8.35 2 4.17 1.23 0.320
Interaction 144 4 36.1 10.6 2.74x 1074
Error 50.9 15 3.39
Total 266 23

The different relationships between superficial gas velocity and air recovery are evi-
dent from figure 5.3. The unmodified cell shows that there was a minimum in air recovery
at J, = 0.82cms™ ! and that the highest air recovery was achieved at the highest superfi-
cial gas velocity. For the basic mesh, the relationship between superficial gas velocity and
air recovery is flat and for the blocked mesh, the air recovery decreased as the superficial
gas velocity increases. Whilst, for a given superficial gas velocity, there was no statisti-
cal difference in the air recovery for all three designs, there was a statistical difference
between the unmodified cell and the blocked mesh. The maximum air recovery for the
unmodified cell was achieved at a .J; = 0.98 cms™!, whilst for the blocked mesh this max-
imum was achieved at a .J; = 0.65 cms~!. This indicates that using the blocked mesh will

provide a better froth stability at lower superficial gas velocities than the unmodified cell.
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Whilst none of the designs showed a peak in air recovery (PAR), as was expected from
previous studies, only three superficial gas velocities were investigated and so it may be
the case that the PAR is not within the range investigated, or that it is at an intermediate
value of J,. The data in figure 5.3 indicate that the PAR may be at a higher J,, for the

unmodified cell, yet for the blocked mesh that PAR may be at a lower J,.

5.4 Flotation Performance

The grade-recovery curves for all three design modifications (figure 5.4) show that as
superficial gas velocity increases the grade of the concentrate decreases. This is due to
the fact that at higher superficial gas velocities there is a higher water recovery and so
increased entrainment (Neethling and Cilliers, 2009). It is also the case that, broadly, as
superficial gas velocity increases the silica recovery increases. This is due to the higher
mass pull at higher superficial gas velocities. Analysis of variance tables (appendix B.1)
show that the effects of both the superficial gas velocity and design modification on both

the grade and the recovery are statistically significant.

Both the unmodified cell and the basic mesh show that increasing the superficial gas
velocity had a large impact on the silica grade of the concentrate with AGrade ~ 9%
for the unmodified cell and AGrade ~ 6% for the basic mesh. Whilst increasing the
superficial gas velocity did increase the recovery, the change was much smaller, with
ARecovery ~ 0.3gs~! for the unmodified cell and ARecovery ~ 0.5gs~! for the ba-
sic mesh. On the other hand, for the blocked mesh, increasing the superficial gas velocity
only slightly decreased the grade of the concentrate with AGrade ~ 3%, however there
was a substantial increase in the silica recovery with A Recovery ~ 1gs~!. This was most
likely due to an increased mass pull; however, it is interesting that this does not also

reduce the grade of the concentrate.

For the unmodified cell and the basic mesh, the grade-recovery curves have very typ-
ical shapes, with a clear trade off between grade and recovery. The optimal condition in
terms of flotation performance, for both design modifications was at a J;, = 0.82cms™?,
as this resulted in an improvement in recovery without too much of a reduction in grade.
Using the basic mesh had the effect of shifting the grade-recovery curve to the left, indicat-

ing that there was a reduction in silica recovery relative to the unmodified cell, however

this was also accompanied by an improvement in grade. This is the opposite effect to what



5.4. Flotation Performance 89

was seen in previous work by Norori-McCormac (2015), suggesting that the effect of the

retrofit design modifications can be system specific.

The grade-recovery curve for the blocked mesh does not show the same trend as for
the unmodified cell or the basic mesh. At the lowest two superficial gas velocities, the
blocked mesh showed similar recoveries to the unmodified cell; however, at the highest
superficial gas velocity, the recovery with the blocked mesh was substantially higher. The
grades at all three superficial gas velocities with the blocked mesh were very similar to
the grade for the unmodified mesh at a J, = 0.82cms™'. This indicates that there was a
substantial improvement in recovery with the blocked mesh, with very little impact on the
grade of the concentrate. These data have shown that the optimal operating condition in
terms of flotation performance, for this system, would be to use the blocked mesh with a

superficial gas velocity of 0.98 cms™!.
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Figure 5.4: Adjusted flotation performance data Grade-Recovery Curve. Arrows point in
direction of increasing superficial gas velocity. Error bars are 95% confidence intervals.

5.4.1 Entrainment

Figure 5.5(a) shows that, for all designs, the water flowrate increased linearly with an in-
crease in superficial gas velocity, this is as expected from the literature. Both the superficial
gas velocity and the design modification were statistically significant in terms of how they
effect the water flowrate to the concentrate. All three design cases show approximately

the same gradient, as the interaction between the mesh and the superficial gas velocity
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was not statistically significant (appendix B.1.1).

Including the basic mesh in the cell has the effect of slightly reducing the water
flowrate in the concentrate in comparison to the unmodified cell. On the other hand,
the presence of the blocked mesh substantially increases the water flowrate. This is the
opposite of the effect that this mesh was intended to have. It would be expected that an
increase in water flowrate to the concentrate would result in a decreased silica grade due
to the increase in entrained solids being recovered, i.e. an increased magnetite flowrate
(Neethling and Cilliers, 2009). Whilst this was the case (figure 5.5(b)), the magnetite
flowrate using the blocked mesh was not substantially higher than in the other cases as
would be expected from the high water flowrate. This suggests that there was less en-

trainment occurring with the blocked mesh, despite the higher water recovery.

The entrainment factor is the amount of magnetite overflowing the cell as a ratio to
what would be expected to overflow due to the water recovery (equation 2.1). It can
be seen in figure 5.5(c) that for the unmodified case the entrainment factor was close to
1 for all superficial gas velocities. The entrainment factor for the basic mesh decreased
slightly more as superficial gas velocity increased suggesting that the higher superficial
gas velocity was preventing magnetite from being entrained. The presence of the blocked
mesh drastically lowered the entrainment factor, suggesting that this mesh prevented the
hydrophilic particles from being entrained in the froth phase and hence not reporting to

the concentrate.
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5.5 Particle Size Effects

The overall purpose of the retrofit design modifications is to introduce a quiescent pulp-
froth interface and improve the recovery of coarse particles. Whilst the size distribution
of the magnetite-silica ore was not especially coarse, it is still interesting to look at the
recovery of different particle sizes to the concentrate to gain an understanding of how the
retrofit design modifications affect the flotation of different particle sizes. The flowrate to
the concentrate of particles less than 10um, and greater than 80 um is shown in figures
5.6(a) and (b) respectively. The flowrate is indicative of the recovery of each of these sizes.
Analysis of variance tables (appendix B.2) show that the effects of both the superficial gas

velocity and design modification for both flowrates were statistically significant.

For all design cases, increasing the superficial gas velocity increased the recovery of
fine particles to the concentrate (figure 5.6(a)). This is as expected, due to the increased
water flowrate and therefore more entrained particles, which are more likely to be fine.
The relationship between superficial gas velocity, design and fine particle recovery was
very similar to that for the magnetite recovery (figure 5.5(b)); this further indicates that
these fine particles are entrained gangue. The basic mesh had a lower recovery of fine
particles, at all superficial gas velocities, this is likely due to the lower water recovery
that this mesh exhibited. The blocked mesh had a similar, but slightly higher, fine particle
recovery to that of the unmodified cell. As with the magnetite flowrate, the fine particle
flowrate would be expected to be higher than for the unmodified cell, given the substantial
increase in water recovery; this again indicates that the blocked mesh is reducing the

entrainment of the magnetite.

The data for the unmodified cell showed that increasing the superficial gas velocity
improved the recovery of particles > 80um to the concentrate (figure 5.6(b)). The un-
modified cell also had a better recovery of coarser particles in comparison to both the
meshes. It is also noted that there was no statistical difference between the coarse particle
recoveries for the two mesh designs; these both show that increasing the superficial gas
velocity from J;, = 0.65cms™! to J, = 0.82cms~! improved the flowrate of coarse parti-
cles, but increasing it further to J, = 0.98 cms™! had little effect. Both meshes therefore

showed an optimal recovery of particles over 80 um particles at J, = 0.82 cms™ 1.
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5.6 Conclusions

In this chapter, the previously developed continuously overflowing flotation cell has been
used to assess the effects of different operating conditions on the flotation performance of
a two-species feed. Two different modifications were investigated and the experimental
results compared to the unmodified cell. The design modifications used were horizontal
meshes inserted below the pulp-froth interface in order to introduce a more quiescent in-
terface. The first mesh investigated was the “basic mesh” which was previously used in the
same cell with a single-species, silica ore in Norori-McCormac (2015). In previous work,
this mesh was shown to improve the air recovery and the indicative recovery, however
there was little improvement in the concentrate grade. The second mesh investigated in
this chapter was the “blocked mesh” which had the same thickness and hole size as the
first mesh, but with the outer holes blocked in in order to reduce the liquid flow at the

walls of the cell and therefore reduce entrainment.

In the experiments with the unmodified flotation cell, the grade-recovery curve showed

that an optimal flotation performance was achieved at a superficial gas velocity of 0.82 cm s™.

The particle size distribution of the concentrate became finer as the superficial gas veloc-
ity was increased, suggesting that there was more entrainment, which is reflected in the

decreasing grade.

The insertion of the basic mesh resulted in an improvement in the concentrate grade,
however the recovery was substantially lower in comparison to the unmodified cell. This
is contrary to what was seen previously in the same cell and with the same mesh by
Norori-McCormac (2015), however that study used a single-species system compared to
the two-species system used in the experiments in this thesis. This design modification

1

resulted in an optimal recovery of coarse particles at a J, = 0.82cms™ ", corresponding to

the optimal condition for flotation performance with this mesh.

The blocked mesh resulted in a similar maximum in froth stability as the unmodified
cell, however for a lower superficial gas velocity. The grade of the concentrate was not
improved by blocking in the outer walls, as was originally hypothesised, although the
silica recovery was improved. There was also a substantial increase in water recovery. It
would be expected that the increase in water recovery would lead to a substantial decrease
in grade due to increased entrainment, however this was not the case. This indicates

that, whilst the presence of the blocked mesh did not reduce the liquid content, it did

1
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reduce the entrainment factor for hydrophilic particles. This is a phenomenon that will
be especially interesting to investigate further with the use of positron emission particle
tracking (PEPT). Similarly to the basic mesh, the blocked mesh also resulted in an optimal

recovery of coarse particles ata .J; = 0.82cms L.

Inserting meshes below the pulp-froth interface strongly affects the flotation perfor-
mance of the magnetite silica system. Using the basic mesh, that was previously studied,
improved the concentrate grade, whilst the blocked mesh improved the recovery and re-
duced the entrainment factor. Both meshes had a similar effect on recovery of particles
>80 um, with a peak at a J, = 0.82cms ™!, however this was still slightly lower than the

unmodified cell.

The use of PEPT to investigate both of these design modifications and a variety of
tracer types and sizes will help further the understanding of how using horizontal meshes
effects the flow within the cell and how this relates to flotation performance and froth

stability. This is explored in chapters 6 and 7.



Chapter 6

Investigating the impact of flotation
cell retrofit design modifications on

particle behaviour

6.1 Introduction

In chapter 5, a continuously overflowing flotation cell was used to investigate two retrofit
design modifications with a two-species ore. The purpose of the design modifications was
to provide a more quiescent environment, at the pulp-froth interface, in order to promote
the flotation of coarse particles. These design modifications consisted of horizontal meshes
that were inserted into the flotation cell at a height of 100-120 mm, from the base of the

cell, so that the top of the mesh lay flush with the top of the baffles.

The first mesh investigated was the “basic mesh” (as previously used, with a single-
species ore, by Norori-McCormac (2015)). In chapter 5, this mesh was shown to improve
the concentrate grade, however, the recovery of valuable mineral to the concentrate was
reduced. The second mesh investigated was the “blocked mesh”, which had a very similar
design to the basic mesh, but with the outer ring of holes blocked in. The rationale
behind the design of this mesh was that the blocked holes would reduce the liquid flow
at the cell wall, thereby reducing the entrainment. In fact, the water content of the froth
was much higher than either the unmodified cell or the basic mesh. An increased water
recovery would suggest the potential for more entrainment and so a lower concentrate

grade (Neethling and Cilliers, 2009). However, this was not the case with the blocked
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mesh, as the grade was not substantially reduced given the amount of water recovered.

In order to fully understand the reasons behind the changes in performance caused by
the retrofit design modifications, it is necessary to investigate the effects that these modifi-
cations have on the flow of particles in both the pulp and the froth, in relation to the froth
stability and flotation performance data from chapter 5. This can be achieved with the use
of positron emission particle tracking (PEPT). PEPT is a technique which allows radioac-
tive labelled tracer particles, both hydrophobic and hydrophilic, to be tracked throughout

the cell to provide information on the behaviour of valuable and gangue particles.

The same experimental system was used as in chapter 5, with only minor modifications
made to the frame in order to fit it inside the PEPT camera. In order to focus on the
effects of the design modifications, only one superficial gas velocity was investigated for
each of the design modifications and tracers. This was chosen to be 0.82cms™!, as this
superficial gas velocity was shown, in chapter 5, to result in the optimal performance for
the unmodified cell and for the basic mesh, this superficial gas velocity also yielded an

optimal recovery of coarser particles for both meshes.

When processing the PEPT data it was important to check the integrity of the tracer
throughout the duration of the experiment. In order to do this, the location of the tracer
was plotted against time for each experiment and inspected to see if there was a change in
behaviour. For experiments where there was a clear change in behaviour, indicating that
the coating of the tracer broke during the experiment, only the first portion of the data
was used in the analysis. Plots of tracer height in the cell versus time, for all experiments,

can be found in appendix C.

For analysis of the PEPT data, the cylindrical volume of the flotation cell was divided
into 6480 voxels measuring 10 mm by 10 mm by 10°. For each of the voxels, the average
velocity components and the occupancy of the tracer were calculated. The velocity com-
ponents were also used to calculate and plot streamlines in 2D slices through the cell. The
density of the streamlines was chosen to best match the resolution of the averaged data.
In other flotation studies using PEPT, occupancy is often defined as the number of tracer
locations in a voxel (Boucher et al., 2017; Cole et al., 2014; Norori-McCormac, 2015),
however over long time scales this is inappropriate due to the fact that the tracer activity
decays, and so one location at the end of the experiment corresponds to a longer time than

at the beginning of the experiment (Parker, 2017). In this study, occupancy is defined as
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the total time the tracer spent in each cell voxel as a percentage of the total time the tracer
spent in the flotation cell (Parker, 2017). As the flotation cell was divided into voxels in a
cylindrical grid, the volume of the voxels varies and so the occupancy was also normalised

by the volume of the voxel.

The tracer data can then be presented in different slices throughout the cell, both
horizontally and vertically. For vertical slices, 6 evenly spaced wedges were taken through
the cell, indicated by the shaded areas in figure 6.1(a), and the data in each were averaged
to account for variation from different areas of the cell. These wedges were chosen such
that they cut through the centre of the mesh holes, as illustrated in figure 6.1(b) & (c).
Horizontal slices were simply taken at a set height through the cell; the height quoted
is the height of the top of the voxels being presented. For example, a height of 120 mm
corresponds to the voxel at 110-120 mm, unless otherwise stated. To aid in the clarity of
the discussion, the holes in the mesh shall be referred to as A, B, C, and D from the
centre of the cell, with A being the hole that the impeller goes through and D being the
hole closest to the wall (figure 6.1). Holes D are the ones that are blocked in the blocked
mesh. It is important to note that the meshes did not fit exactly flush with the wall of the
cell (to facilitate with their insertion) and there was a small gap between the edge of the

mesh and the wall of the cell where the tracers may have been able to bypass the mesh.

/
N

(a) Division of the cell for PEPT (b) Basic Mesh (c) Blocked Mesh
data processing

—~—

Figure 6.1: (a) Illustration of how the flotation cell volume is divided into voxels for
processing, wedges averaged to create vertical slices are indicated by the shaded regions.
The two different mesh designs used in this chapter: (b) basic mesh and (c) blocked mesh,
with holes labelled A — D. Red arrows indicate the location of the six wedges averaged to
create the vertical slices.
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In this chapter, the streamlines, velocity components and the occupancy of two types of
tracer (one coated in silica, rendering it hydrophobic, and the other coated in magnetite,
rendering it hydrophilic) were used to investigate the effects that the different design

modifications had on particle behaviour. Both tracers had the same diameter of 500 um.

6.2 Bulk Tracer Flow

Figures 6.2(a) and 6.2(b) show the streamlines of the tracer flow through vertical slices
of the cell for all three design cases (the unmodified cell, the basic mesh and the blocked
mesh) for the hydrophobic and the hydrophilic tracers respectively. Figures 6.3 and 6.4
show the streamlines of the hydrophobic and hydrophilic tracers, respectively, at varying
heights through the unmodified cell. The plane of the impeller is at a height of 60 mm and
the lip of the cell is at a height of 180 mm. Horizontal slices of the tracer motion for each of
the tracers and design modifications are presented in figures 6.5 and 6.6, with figure 6.5
showing the motion in the mesh and figure 6.6 showing the motion at the approximate

height of the pulp-froth interface for each design.

The streamlines for the unmodified cell, for both the hydrophobic and hydrophilic
tracers (figure 6.2), show that the pulp-froth interface sits at approximately a height of
140 mm. The pulp is clearly made up of two mixing loops, anticlockwise above the impeller
and clockwise below the impeller. The streamlines for the hydrophobic tracer (figure
6.2(a)) show good upwards tracer motion, that is close to vertical through the froth and
then towards the lip of the cell, in a good overflowing motion, indicating that there was
a good recovery of the hydrophobic tracer. There is some evidence of particle drop off at
the top of the froth, close to the impeller, where there is a well known stagnant area of

froth that does not overflow.

The hydrophilic tracer (figure 6.2(b)) shows slightly more chaotic motion in the froth,
suggesting that, although there was clearly some recovery of this tracer, it did not take
the most efficient path to the overflow. There is also evidence of the hydrophilic tracer
flowing at the wall of the cell, which is indicative of a high water content at the cell wall

(as the hydrophilic particle is entrained in the liquid).

The horizontal slices for the hydrophobic and hydrophilic tracers in the unmodified

cell (figures 6.3 and 6.4), show that there was little difference between the motion of the
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two tracers through the bulk of the cell, with only some differences seen in the froth. The
majority of the slices, for both tracers, show a swirling motion, in the same direction as the
impeller flow. This is something that is expected in the pulp of the froth, however this is
still the case at h =150 mm which is above the pulp-froth interface. This phenomenon was
observed for the first time by Norori-McCormac (2015) and is expected to detrimentally
impact the particle recovery as it is indicative of a non-quiescent environment. The slice at
a height of 180 mm for the hydrophobic tracer (figure 6.3) shows that the tracer generally
flowed from the centre towards the lip of the cell, as is expected for attached particles
moving with the froth. The horizontal slice for the hydrophilic tracer at the same height
(figure 6.4), however, only shows some evidence of flow towards the lip close to the
cell wall, which can be linked to trade off between hydrophilic particles following the
net upwards liquid motion whilst also settling through the plateau borders. Closer to the
centre there is either no data, which indicates that there was no presence of the hydrophilic
tracer in this region, or the motion was rotational indicating that it was not recovered as

easily.

The presence of either of the meshes in the cell had a clear effect on the streamlines
of both the hydrophobic and hydrophilic tracers (figure 6.2). The key differences are that
the upper mixing loop is compressed and that the froth depth is shallower, with the pulp-
froth interface approximately at a height of 160 mm, as indicated by the data from the
hydrophilic tracer by the upwards motion of the streamlines (figure 6.2(b)). Interestingly,
it is noted that the presence of the meshes created a secondary pulp zone above the mesh

that is more quiescent than the pulp below the mesh.

The streamlines of the hydrophobic tracer, with the basic mesh (figure 6.2(a)), show
that the tracer flows up through holes A, B and D yet flows down through holes C'. Above
the mesh there is a small, third mixing loop, in the secondary pulp zone above holes C,
which leads into the downwards motion through the hole. This indicates that the tracer
drops off from the pulp-froth interface and through holes C, however, the presence of the
third mixing loop may help promote reattachment of detached particles. The streamlines
for the hydrophobic tracer in the froth are much more chaotic than in the unmodified cell,
suggesting that the presence of the mesh was creating a more chaotic froth and reducing

the chance of the particle being recovered to the concentrate.

The streamlines for the hydrophilic tracer, with the basic mesh (figure 6.2(b)) also

show that the tracer moves up through holes A, B and D and down through holes C,
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however there is less clear upward flow and the downward motion more commonly links
back to the upper mixing loop below the mesh. This indicates that the hydrophilic particle
was less easily recovered to the froth. There is also no evidence of a third mixing loop
in the secondary pulp zone indicating that there was less chance of the hydrophilic tracer
being reattached in this zone. The horizontal slices through the mesh for the hydrophilic
tracer (figure 6.5(b)) show that the tracer will occasionally circulate within a hole of the
mesh indicating that there was less upwards motion of the hydrophilic tracer through the

holes of the mesh than the hydrophobic tracer.

With the blocked mesh inserted in the cell, the hydrophobic tracer streamlines (figure
6.2(a)) show that there is no downwards motion of the tracer through any of the holes
in the mesh, instead the tracer moves vertically upwards through holes A and B and
diagonally upwards and away from the wall of the cell in holes C. This is due to the fact
that holes D is blocked and the tracer has to move laterally to get to a mesh hole in order
to move vertically. In this case, there is a more well defined mixing loop in the secondary
pulp zone than with the basic mesh. This mixing loop is located above the blocked section
of the mesh and so detached particles move laterally along the top of the mesh. The
fact that these particles do not then drop back through the mesh suggests that the mesh
promotes a good environment for particle reattachment. The flow of the tracer in the froth

is good and mainly vertical leading to a good overflow.

For the streamlines of the hydrophilic tracer, with the blocked mesh (figure 6.2(b)),
there is a much larger mixing loop in the secondary pulp zone that extends through holes
B and C of the mesh, with the tracer moving up through holes B and then dropping down
into the pulp below the mesh through holes C'. This mixing loop in the secondary pulp
zone is similar to the mixing loops in the primary pulp zone. There is a low recovery of

the tracer from the mixing loop in the secondary pulp zone to the froth.

The horizontal slices through the mesh (figure 6.5), show that there are some areas
where both the hydrophobic and the the hydrophilic tracers circulate within a hole of the
blocked mesh. This happens in more areas with the hydrophilic tracer. At a height of
140 mm (figure 6.6) the hydrophilic tracer also circulates above the blocked holes of the
mesh close the wall. This suggests that there was less vertical motion of the tracer here

and therefore a lower water flowrate to the froth at the wall of the cell.

Whilst the streamlines give a good indication of the direction of the tracer motion, they
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do not provide any information about magnitude, it is thus important to investigate other

variables for the tracer such as velocity components and the occupancy to understand

more about how the design modifications influence the flow of the tracer.
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Figure 6.2: Streamlines within the cell, with each of the design types, for (a) the hy-
drophobic and (b) hydrophilic tracers. Both tracer types are 500 um in diameter. Red
arrows are added to highlight some flow patterns and are indicative only. The impeller
and the level of the overflowing lip are shown in dashed blue lines and the position of the

mesh shown in solid blue lines.
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Figure 6.3: Bulk flow of the hydrophobic tracer, in the unmodified cell, at different heights
through the cell.
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Figure 6.4: Bulk flow of the hydrophilic tracer, in the unmodified cell, at different heights
through the cell.
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Figure 6.5: Horizontal slices of streamlines of the (a) hydrophobic and (b) hydrophilic
tracer in the different cell designs at a height of 120 mm. The location of the mesh is

outlined in black.
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Figure 6.6: Horizontal slices of streamlines of the (a) hydrophobic and (b) hydrophilic
tracer in the different cell designs at a height of 140 mm. The location of the mesh is

outlined in black.
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6.3 Velocities

The average vertical velocity component of the hydrophobic and hydrophillic tracers in
a vertical slice through the cell, for each of the three design cases, is shown in figure
6.7. In order to better understand how the vertical velocities varies in the cross section of
the cell, figures 6.8 and 6.9 show horizontal slices taken at different heights through the
unmodified cell for the hydrophobic and hydrophilic tracers respectively. Figures 6.10 and
6.11 show the values of the velocities of the different tracers at different points through
the cell, allowing for direct comparison between tracers and design modifications. Figure
6.10 shows the variation in velocity from the centre of the cell to the wall, at different
heights. Figure 6.11 shows the variation in velocity with height, at different locations
along the radius of the cell; these locations are chosen to go through the centre of each of
the holes of the mesh. The error bars presented on both of these figures are the standard
error after averaging across the six slices. In addition, horizontal slices of vertical velocity

through the mesh are shown in figure 6.12.

The vertical velocity of the hydrophobic tracer in the unmodified cell (figure 6.7(a)
and figure 6.8) is much higher in the pulp zone of the cell than in the froth zone. This is
as expected, as the bubbles in the froth will move more slowly than the pulp. Whilst the
magnitude of the tracer velocity is low in the froth, the slices at 150 mm and 180 mm in
figure 6.8 show that the velocity it is mostly positive throughout, especially just below the
lip of the cell. This indicates that there was very little drop off of the hydrophobic particle
from the froth and that there was good recovery to the concentrate. There are, however,
negative velocities at the top of the overflowing froth (figure 6.7(a)), especially close to
the centre of the cell, suggesting that bubble bursting us occurring and particles are being
lost. In comparison, the hydrophilic tracer (figure 6.7(b)), shows some downward motion
of the tracer in the froth, especially at » = 50-70 mm. This is especially clear in the slice at
150 mm in figure 6.9, where there are many more areas with a negative vertical velocity
than for the same slice with the hydrophobic tracer, and these negative velocities are also
a higher magnitude. This indicates that the hydrophilic tracer was less easily recovered
than the hydrophobic. Figures 6.8 and 6.9 show that the vertical velocity in the pulp of
the unmodified cell, for both tracers, are very similar, however the vertical profile of the
vertical velocity (figure 6.11) shows that the average velocity of the hydrophobic tracer

becomes positive at a height of approximately 120 mm, indicating that the tracer was
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attached to a bubble and moving upwards before it reached the froth. On the other hand,
the vertical velocity hydrophilic tracer does not become positive until a height of 150 mm,
indicating that the hydrophilic tracer was behaving as expected for an entrained particle.
The horizontal slices, at a height of 120 m, (figure 6.12) show that the velocity of the tracer
is not constant around the cell, instead there are high positive vertical velocities behind

the baffles.

The vertical velocity of the hydrophobic tracer, with the basic mesh, in the pulp, is
similar to that of the unmodified cell (figure 6.7(a)). However, due to the compression of
the upper mixing loop by the mesh, figure 6.11(a) shows that at heights of 80-100 mm the
negative velocities below holes B and the positive velocities below holes D have a lower
magnitude than for the same place in the unmodified cell. As mentioned when discussing
the streamlines of the tracer in section 6.2, the tracer moves down through holes C' and
up through the other holes of the mesh. Figure 6.11(a) shows that the negative vertical
velocity in holes C' has a higher magnitude than the positive vertical velocities through
holes A and B, however it is of a similar order of magnitude to the positive vertical
velocity through holes D. This indicates that the higher velocity of the tracer through

holes D, compared to A and B, was due to the higher liquid content at the cell wall.

The vertical velocity of the hydrophobic tracer in the horizontal slice through the
basic mesh (figure 6.12(a)), shows that the high positive velocities in holes D are higher
behind the baffles. This slice also shows that whilst the average vertical velocity of the
hydrophobic tracer, in holes B, is positive in the vertical slice, there are still many areas
where the vertical velocity is negative suggesting that the recovery of the tracer through

the mesh is reduced.

In section 6.2, it was shown that there is a small mixing loop in the secondary pulp
zone, for the hydrophobic tracer with the basic mesh. Figure 6.7(a) shows that the neg-
ative vertical velocities in this loop have a higher magnitude than the positive velocities.
This indicates that there is reduced reattachment within the mixing loop. In the froth,
the vertical velocities are generally positive (figure 6.10(a)), however there are negative
velocities close to the lip of the cell, indicating that the tracer was detached from a bubble
and lost to the pulp rather than being recovered to the concentrate. This is consistent with

the results shown in 5 as the experiments with the basic mesh showed a lower recovery.

In general, with the basic mesh, the vertical velocities of the hydrophilic tracer are
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similar to those of the hydrophobic tracer (figure 6.7(b)). The velocity through the mesh
in the horizontal slice (6.12(b)), shows that the tracer again moves upwards through holes
D, however with a lower magnitude than for the hydrophobic tracer. The hydrophilic
tracer also has far fewer locations where it moves with a positive vertical velocity through
the mesh, indicating that the particle drops more easily through the mesh than it moves
upwards. In the froth, the tracer motion is generally positive (figure 6.10(a)), with less
indication that the tracer drops off at the lip of the cell than the hydrophobic tracer. This
suggests that, although the tracer often dropped from the pulp-froth interface, when it
did enter the froth it is recovered to the concentrate. As this tracer is hydrophilic, the
recovery of the tracer to the concentrate was through entrainment. In the unmodified
cell, the hydrophilic tracer moves up the wall of the cell, but this is not the case with the
basic mesh, the main positive motion of the hydrophilic tracer from the pulp to the froth

occurs at the impeller and above holes B (figure 6.7).

When the blocked mesh is used, the vertical velocity of the hydrophobic tracer in the
pulp is very similar to that of the same tracer with the basic mesh (figure 6.7(a)), although
again the mesh decreases the magnitude of the positive and negative velocities in the
upper mixing loop relative to the unmodified cell. However, at » =25 mm the hydrophobic
tracer velocity is positive, with the blocked mesh, just below holes B, whilst in the basic
mesh it is still negative (figure 6.11(a)). This indicates that the blocked mesh improved
the transfer of the hydrophobic particle through the mesh and into the froth and therefore

to be recovered to the concentrate.

Unlike with the basic mesh, the hydrophobic tracer has a high positive vertical veloc-
ity through the majority of the holes of the mesh, with only occasional negative velocities
towards the edge of holes C' (6.12(a)), this corresponds to the downwards motion of the
third mixing loop above that hole. The lack of negative velocity of the tracer suggests
that the blocked mesh substantially improved the chance that detached particles are reat-
tached and subsequently recovered to the froth. Through the froth, the vertical velocity
of the tracer is generally positive and high compared to the other two design cases (figure
6.10(a)). There is also not much evidence of negative motion close to the lip, suggesting
good particle recovery. There is some negative velocity on top of the froth, however, this
is close to the lip of the cell and so is unlikely to reduce recovery. This is consistent with

the improved recovery relative to the basic mesh shown in chapter 5.

As previously discussed in section 6.2, the hydrophilic tracer with the blocked mesh
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has a large third mixing loop above and through the mesh (figure 6.7(b)). This indicates
that tracer rises through holes B but is not easily recovered to the froth and so then
drops back down into the pulp through holes C. The magnitude of the vertical velocities
through holes B and C' are generally similar (figure 6.12(b)), but the positive vertical
velocities have a much lower magnitude than with the hydrophobic tracer suggesting that
the recovery of the hydrophilic tracer through the blocked mesh was lower than for the

hydrophobic.

The mixing loop in the secondary pulp zone, for the hydrophilic tracer, has similar
streamlines to the ones in the primary pulp zone, however the vertical velocities are of
a lower magnitude, suggesting that the secondary pulp zone is more quiescent than the
primary. In the froth, the vertical velocity of the hydrophilic tracer is positive at » =25 mm,
however it is negative closer to the wall of the cell and in the overflow at the lip (figure
6.10(a)), the same tracer with the basic mesh has a positive velocity here. This indicates
that the blocked mesh was better at preventing the recovery of the hydrophilic particle

than the basic mesh.

It was shown in section 6.2, that both the hydrophobic and hydrophilic tracers in
the unmodified cell showed swirl at the pulp-froth interface. In order to understand this
further, figure 6.13 shows the azimuthal velocity component in the vertical slice for the
different tracers and design cases. In this figure, positive is defined as the same direction
in which the impeller was rotating. With either mesh inserted into the cell the azimuthal
component of the velocity was very close to zero, showing that the secondary pulp zone,
above both meshes, was more quiescent than the primary pulp zone, this demonstrates
that the presence of the meshes helped to break down the swirl at the interface and there-

fore provide a more quiescent environment for particle transfer from the pulp to the froth.
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Figure 6.7: Tracer vertical velocity within the cell for (a) the hydrophobic and (b) hy-
drophilic tracers. Blue shades are negative velocities, red are positive and the darker the
colour represents high magnitudes. White corresponds to 0 vertical velocity.
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Figure 6.10: Plot of vertical velocity with radial location for different heights within the
froth of the cell. Error bars are the standard error after averaging the value across 6 slices.
The mesh is located between h=100 and h=120.
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Figure 6.11: Plot of vertical velocity with height at different radii from the centre of the
cell. Error bars are the standard error after averaging the value across 6 slices. The mesh
is located between h=100 and h=120 mm.
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6.4 Occupancy

The occupancy of the hydrophobic tracer and hydrophilic tracer for each of the three
design cases is shown in figure 6.14. As mentioned in section 3.7.3, in this work occupancy
is calculated as the total length of time the tracer spent in a voxel as a proportion of the
total length of time the tracer spent in the cell normalised for the volume of the voxel. A
higher occupancy indicates areas where the tracer spent a larger proportion of time, and
hence shows paths the tracer took more frequently, or where the tracer moved more slowly.
The difference between the two can be determined by looking at the data in conjunction
with the velocities discussed in section 6.3. In a similar way to the vertical velocities,
profiles of the change in occupancy with radius and height are shown in figures 6.15 and
6.16. The horizontal slices of occupancy at a height of 120 mm are shown in figure 6.17;
this occupancy is calculated as a proportion of the total time the tracer spends in this slice,
rather than the whole cell, to obtain a better understanding of how the tracer is moving

through different holes in the mesh.

In figure 6.14(a), the occupancy of the hydrophobic tracer, in the unmodified cell, is
seen to be relatively constant throughout the pulp (below a height of 140 mm). There is
a higher occupancy at the bottom of the cell below the impeller, this is expected as this
is a dead zone in the mixing loops. In the froth, there are two distinct tracks through the
froth, at r = 20—40mm and r» = 70—90 mm, where there is a higher occupancy (figure
6.15(a)). The first of these two areas is similar in velocity to the majority of the froth,
suggesting that this was a path that the tracer more frequently took through the froth to
overflow. The high occupancy at the wall, however, corresponds to a very slow velocity

suggesting that the velocity was the cause of the increased occupancy.

In the unmodified cell (figure 6.14(b)), the hydrophilic tracer clearly spends more
time in the lower mixing loop, especially below the impeller, than the hydrophobic tracer.
The hydrophilic tracer has a much lower occupancy in the froth zone of the cell than
the hydrophobic tracer (figure 6.15(a)). The lower occupancy in the froth and higher
occupancy in the pulp indicate that the hydrophilic tracer was far less easily recovered than
the hydrophobic one. Figure 6.15(a) shows that there is a small increase in occupancy at
radii greater than 60 mm, where there are also positive velocities. This indicates that the
hydrophilic tracer was recovered more frequently at the wall of the cell showing that there

was an increased water flowrate here.
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Figure 6.14(a) shows the occupancy of the hydrophobic tracer when the basic mesh
was inserted into the cell. The occupancy in the primary pulp zone is slightly lower than
in the pulp of the unmodified cell (figure 6.15(b)), suggesting that the hydrophobic tracer
spent less time in the primary pulp zone with the basic mesh than in the unmodified cell.
When travelling through the mesh, the tracer has a slightly lower occupancy through holes
D than the other holes of the basic mesh, however this is probably due to the increased
velocity through this hole (figure 6.15(b)). The horizontal slice of occupancy, for the
hydrophobic tracer, through the basic mesh (figure 6.17(a)) shows that there is a slight
increase in occupancy through some holes in ring C, where the tracer motion is negative,
however the majority of the holes have similar occupancy values. This indicates that the
tracer moved up through the mesh as frequently as it moved down. Above holes D there is
an increase occupancy (figure 6.14(a)), however this corresponds to a very slow velocity
so suggests that the tracer may have got stuck in this area. In the froth, the tracer moves
through a clear path at a radius of approximately 40 mm (figure 6.14(a)), showing that
there was a preferential path that the tracer takes through the froth. This path starts at
the top of the third mixing loop, suggesting that this loop was promoting transfer from

the pulp to the froth.

The hydrophilic tracer, with the basic mesh, has similar levels of occupancy in the
pulp as the hydrophobic tracer with the same mesh (figure 6.14(b)), suggesting that both
tracers have similar recoveries through the mesh. The horizontal slice through the mesh
(figure 6.17(b)) shows little variation in occupancy across the different mesh holes, with
only some higher values in ring C, corresponding to locations where there was negative
vertical velocity. There are two areas of high occupancy in the froth (figure 6.15(a)), the
first is at a radius of approximately 30 mm which shows a clear path from the secondary
pulp zone to the froth and the overflow. The second area is at a radius of approximately
70mm and is slightly higher than the first, this shows another path the tracer commonly
took to the overflow, unlike with the hydrophobic tracer this high occupancy close to the
wall was not caused by slow velocities. This suggests increased water flow at the wall of
the cell. There is much less difference in the occupancy of the hydrophobic and hydrophilic

tracers for the basic mesh than in the unmodified cell.

The occupancy of the hydrophobic tracer, with the blocked mesh, is relatively constant
throughout the cell (figure 6.14(a)). The occupancy of this tracer in the primary pulp

zone, below the mesh, is generally lower than in both of the other designs (figure 6.16),
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indicating that the tracer spends less time in the pulp. The horizontal slice through the
mesh (figure 6.17(a)), shows that the occupancy is significantly higher in holes B than it is
through holes C'. The high occupancy in holes B corresponds to a high velocity, indicating
that the tracer moved more frequently through this hole. In comparison to figure 6.12, the
tracer often had negative vertical velocities in holes C' and so the low occupancy in this
hole indicates that there is a good recovery of the tracer from the pulp to the froth and
that if the tracer drops through the mesh it does not happen frequently. The occupancy
of the hydrophobic tracer, with the blocked mesh, is fairly constant throughout the froth
(figure 6.15(a)) and there is no preferential path that the tracer moves through the froth.
There is, however, a slight dip in occupancy at R =45 mm, which corresponds to a higher
vertical velocity. There is a slight increase in occupancy just below the lip of the cell, close
to the wall, but this is caused by a slightly lower velocity. There is also a high occupancy
at the top of the froth, close to the impeller which indicates that this tracer often got stuck

in the stagnant zone around the impeller.

Interestingly, the occupancy of the hydrophilic tracer with the blocked mesh is very
similar to the unmodified cell (figure 6.14(b)), with a high occupancy in the pulp and
extremely low occupancy in the froth. The horizontal slice through the mesh (figure
6.17(b)) shows that the occupancy is constant across all the holes, with no clear prefer-
ence for a particular ring of holes. The occupancy is also fairly constant throughout the
whole of the third mixing loop, in the quiescent secondary pulp zone, indicating that the
tracer was equally likely to be moving upwards as it was downwards. The occupancy in
the froth is low, very similar to that of the unmodified cell (figure 6.15(a)), with a small
increase at a radius of approximately 70 mm, however, unlike in the unmodified cell this
increase in occupancy corresponds to a negative velocity and therefore suggests that the
tracer frequently dropped from the top of the froth back into the cell rather than over-
flowing the cell. It is important to note that the large difference in tracer occupancy in
the froth between the hydrophobic and the hydrophilic tracers explains the low magnetite

entrainment factor with the presence of the blocked mesh shown in chapter 5.
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Figure 6.14: Tracer occupancy within the cell for (a) the hydrophobic and (b) hydrophilic
tracers. Both tracer types are 500 um in diameter.occupancy calculated by totalling the
time the tracer spent each voxel then normalising by total length of time the tracer spent
in that slice and normalised by the volume of the voxel. Darker blue shades represent
higher occupancys i.e. voxels where the tracer spent a higher proportion of time.
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Figure 6.15: Plot of occupancy with radial location for different heights within the froth
of the cell. Error bars are the standard error after averaging the value across 6 slices. The
mesh is located between h=100 and h=120 mm.
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6.5 Discussion

Investigating the flow of both a hydrophobic and a hydrophilic tracer in the unmodified
cell allowed an understanding of hydrodynamic behaviour of both valuable and gangue
minerals in this system. The streamlines of the tracers showed that the motion of both
tracers was very similar in the pulp. It was clear from the streamlines of the hydrophilic
tracer that the pulp-froth interface in the unmodified cell was located at a height of ap-
proximately 140 mm. In the froth, however, there was a clear difference in flow patterns
between the two tracers. These show that the hydrophobic tracer had good upwards mo-
tion through the froth and towards the launder into the overflow of the cell, yet this was
not the case for the hydrophilic tracer. The difference between the two tracers was also
clear from the vertical velocity data, where the hydrophobic tracer had positive vertical
velocities throughout the froth, yet the hydrophilic data only had positive velocities close
to the impeller and the wall of the cell. The occupancy data showed that the hydropho-
bic tracer occupied the pulp less frequently than the hydrophilic and is therefore floating
more frequently. The hydrophobic tracer showed a clear path through the froth, that was
frequently taken by the tracer. The occupancy of the hydrophilic tracer, however, was
generally low across the froth, as would be expected for gangue material. The hydrophilic
tracer had a slight increase in occupancy close to the wall of the cell which indicates that
there was an increased water flowrate here. The differences in the velocities and occu-
pancy of particles in the froth between the hydrophobic and hydrophilic tracers indicate
that there was a good separation efficiency in the unmodified cell. The streamlines ob-
served in the horizontal slice, and the azimuthal velocity component, showed that there
was a high level of swirl, for both tracers, at the pulp-froth interface. The swirl is indicative

of a non-quiescent environment which is not conducive to good recovery.

The presence of either mesh in the cell was shown to have the effect of compressing
the upper mixing loop. In addition, the velocities of the tracers in this loop had a lower
magnitude in comparison to the unmodified cell. Both meshes also resulted in a shallower
froth, with the pulp-froth interface at a height of 160 mm, and reduced evidence of the
swirl at the pulp-froth interface. This resulted in a secondary pulp zone above the meshes
that was more quiescent than the pulp below the meshes, which would be expected to
translate into an improved recovery from the pulp to the froth. These different zones can

be seen in the schematic in figure 6.18. This change in froth depth explains the air recovery
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results presented in chapter 5 where, with either mesh in the cell the highest air recoveries
were observed at the lowest air rate, yet in the unmodified cell the highest air recovery was
observed at the highest air rate. This is because with shallow froths, higher air recoveries
are expected at lower air rates, yet with deeper froths, higher air recoveries are expected
at higher air rates (Hadler et al., 2012). As well as the effect that froth depth has on
the air recovery, it also has an impact on the grade and recovery of the concentrate. A
shallower froth will be less efficient at “cleaning” the concentrate and will therefore result
in an improved recovery over a deeper froth yet a lower grade. However, this is not what
the flotation performance results from chapter 5 indicated. In fact for the results from the
basic mesh compared to the unmodified cell the opposite was true, in that whilst the froth
depth decreased, the grade increased and the recovery decreased. In addition, for the
results from the blocked mesh compared to the unmodified cell, despite the reduction in
froth depth, there was little impact in flotation performance at the superficial gas velocity
used for these PEPT studies. This indicates that it was not the effect of reducing the froth
depth that impacted on flotation performance, but that the design of the mesh itself was
the key influence and that therefore the secondary pulp zone was instrumental in altering
the flotation performance in the cell. It would be interesting to investigate this further by
directly measuring froth depth during experimentation potentially using a guided radar
level sensor. However, consideration would need to be taken of how, at the small scale
of this cell, inserting instruments into the froth would alter the properties of the froth.
It would also not be possible to measure in this way during PEPT experimentation. An
alternative would be attempting to measure the froth depth by measuring with a ruler

from the outside of the cell, but there would be a lack of precision in this method.

The use of the basic mesh had a detrimental effect on the flow of the hydrophobic
tracer. The streamlines were more chaotic than in the unmodified cell and there were
negative velocities close to the lip of the cell, indicating that the tracer tended to drop
off, back into the pulp rather than being recovered to the concentrate. There was a small
mixing loop in the secondary pulp zone for the hydrophobic tracer, however this was
not well developed. This loop, however, was not present for the hydrophilic tracer as
there is no reattachment. Both tracers moved up through holes A, B and D and down
through holes C, with the negative velocity being faster than the positive velocities. The
velocity in holes D was also a higher magnitude than the other positive velocities in the

mesh, suggesting that there was a higher flowrate here. There was very little variation in
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Figure 6.18: Schematics of the different zones in the unmodified cell and when a mesh is
inserted.

occupancy, of either tracer, across the holes of the basic mesh, indicating that there was no
preferred path through the mesh. The occupancy indicated that there was a clear path that
the hydrophobic tracer preferentially moved along, through the centre of the froth. The
hydrophilic tracer, however, had a high occupancy close to the wall of the cell, indicating

that there was preferential flow here.

Blocking in the outer holes (D) of the mesh resulted in a well developed third mixing
loop, in the secondary pulp zone, for both the hydrophobic and the hydrophilic tracers.
For the hydrophobic tracer this was a medium sized loop above the blocked part of the
mesh and holes C. This mixing loop promoted reattachment of any detached particles, as
there were very few instances of particles having negative vertical velocities through the
mesh. There was also a good positive flow of the hydrophobic tracer up through holes
B, where there was also a higher occupancy, to the froth and then to the overflow. The
positive vertical velocity of the tracer actually started at the top of the second mixing loop,
below holes B, indicating that the blocked mesh was strongly aiding in the recovery of

the hydrophobic tracer. Unlike in the unmodified cell or with the basic mesh, there was
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no clear path that this tracer takes through the froth; instead the occupancy was constant
throughout. There was, however, an increase in occupancy at the top of the froth, close to

the impeller, where the tracer was likely stuck in a stagnant section of the froth.

For the hydrophilic tracer with the blocked mesh, the third mixing loop was much
larger and more developed than for the hydrophobic tracer, and it extended through holes
B and C of the mesh. This loop was similar to the mixing loops in the primary pulp zone,
however the velocities were much lower. There was a low occupancy of the hydrophilic
tracer in the froth suggesting that there was little transfer from this mixing loop into the
froth, and therefore a reduced recovery of the hydrophilic tracer. There was an area of
slightly higher occupancy just below the lip of the cell, for the hydrophilic tracer, which
corresponds to negative vertical velocities. This indicates that the tracer was lost to the
pulp rather than being recovered to the concentrate by entrainment , despite the increased
water recovery shown in chapter 5. This is a very important finding, since it explains the
relatively low entrainment factor for this design in chapter 5. Like for the unmodified
cell, there was a clear difference in the flow of the hydrophobic and hydrophilic tracers
with the blocked mesh indicating that there is a good separation efficiency. This has
important implications for industry, as being able to implement a design modification
similar to the blocked mesh would potentially improve the flotation performance and
reducing entrainment with an easy to implement and low capital cost design. The presence
of the quiescent secondary pulp is also significant as that is likely to be conducive to

successful coarse particle flotation.

In chapter 5, it was seen that when using the blocked mesh there was a substantial
increase in water recovery to the concentrate, yet there was a lower entrainment factor.
Whilst the PEPT data analysis has provided an explanation for the reduced entrainment, it
is not as clear what caused the increased water recovery. Potentially it is due to the reduced
froth depth, as shallower froths are known to be wetter than deeper froths. However, it
would therefore be expected that the use of both mesh designs would have resulted in in-
creased water recovery relative to the unmodified case, yet this was not seen to be the case
for the basic mesh. It is possible that this was caused by the physical barrier introduced by
blocking in the holes directing the flow of water from the pulp upwards at the centre of
the cell and then preventing the water draining through the froth and back into the pulp
zone. It would therefore be interesting to investigate this further to fully understand how

the blocked mesh is altering the flow within the flotation cell and to use this information
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to develop the mesh design further. This could be done using numerical simulations with
the data already collected from PEPT and from other more fundamental studies on froth
flotation. In addition it would be beneficial to conduct more PEPT experimentation with
the design modifications using a neutrally buoyant and uncoated, naturally hydrophilic
tracer that would provide a better more direct analogy to the water movement within
the flotation cell than the magnetite coated tracer used in this study. Performing positron
emission tomography (PET) experiments, with a liquid tracer would also be valuable to

directly assess liquid behaviour to understand this phenomenon further.

6.6 Conclusions

This chapter has presented the results from using positron emission particle tracking
(PEPT) to investigate the effects that two design modifications have on the flow patterns
of a hydrophobic and a hydrophilic tracer in a two-species flotation system. These experi-
ments have been instrumental in furthering the understanding of how the different design

modifications affect flotation performance.

The analysis of PEPT data for both a hydrophobic and a hydrophilic tracer of the same
size, for each of the design modifications, has shown that the presence of the meshes
compresses the mixing loops in the pulp and reduces the froth depth, resulting in a sec-
ondary pulp zone above the mesh, which has been shown to be more quiescent. A third
mixing loop was seen in this secondary pulp zone, which was better developed for the
blocked mesh than for the basic mesh. The presence of the basic mesh has a detrimental
effect on the flow of the hydrophobic particle, which reduces the recovery. On the other
hand, the blocked mesh has been shown to actively improve the reattachment of detached
hydrophobic particles and to prevent the transfer of the hydrophilic tracer to the froth,
therefore improving the valuable recovery with a good separation efficiency. The data
from the hydrophilic tracer show that blocking in the outside holes of the mesh also has a
good effect on reducing the water flowrate at the cell wall. This highlights that whilst the
basic mesh is not an optimal design for improving flotation in this system, the design can

easily be improved, simply by blocking in the outside holes of the mesh.

One of the key purposes of the meshes was to provide a more quiescent environment
at the pulp-froth interface with the aim of improving coarse particle recovery. The re-

duction of swirl at the interface demonstrates that the meshes were creating a quiescent
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environment, however there is no indication of the effects of particle size. This has previ-
ously been shown, from the literature and the results from chapter 4, to be an important
consideration. The tracers investigated so far, in this work and in other PEPT flotation
research in the literature, have all been one size. It is therefore interesting to further

investigate these design modifications with differently sized tracers.



Chapter 7

Analysing the effect of different
flotation cell retrofit design
modifications on different particle

sizes

7.1 Introduction

In Chapter 6, two design modifications: the basic mesh and the blocked mesh, were inves-
tigated using positron emission particle tracking (PEPT) with two different tracers: one
hydrophobic and one hydrophilic. The results from the analysis of the PEPT data showed
that the presence of either mesh design compressed the upper mixing loop in the primary
pulp zone and created a secondary, more quiescent, pulp zone above the mesh which re-
duced the swirl at the pulp-froth interface. The use of the blocked mesh was also shown
to result in a well formed third mixing loop forming above the mesh, in the secondary
pulp zone, for both tracers. This extra mixing loop resulted in better reattachment of the
hydrophobic tracer, and prevented the hydrophilic tracer from being recovered. This im-
proved the separation efficiency of the system relative to the basic mesh and also reduced
the entrainment of the hydrophilic tracer. A similar mixing loop was also seen for the
hydrophobic tracer with the basic mesh, however it was not as well developed as with the

blocked mesh.

The primary purpose of the retrofit design modifications is to introduce a quiescent
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zone in the pulp, which results in a reduction in particle detachment. Whilst the results
from chapter 6 showed that this was the case, only one size of tracer was used. The
meshes have been designed with the purpose of coarse particle flotation in mind, and so
it is interesting to understand how the design modifications affect the flow of different

particle sizes.

In chapter 5 the particle size distributions of the concentrate were analysed to gain
an initial understanding on the effect that the design modifications were having on the
flotation performance of different particle sizes. This understanding can be developed
further by utilising PEPT with different sizes of hydrophobic tracer. This thesis is the
first time the different sizes of PEPT tracers have been used. In this chapter, the results
from PEPT experiments with three different sizes of tracer (400 um, 500 um and 600 wm)
are discussed, in order to provide an understanding of how the quiescent secondary pulp

zone, shown in chapter 6, affects the flotation of coarse particles of varying sizes.

The method for analysing the PEPT data is the same as was used in chapter 6 and is
described in detail in section 3.7.3. As with the discussion in chapter 6, the holes shall
be referred to as A, B, C and D from the centre of the cell to the wall (figure 6.1). The
data from PEPT experiments using the 500 um tracer are discussed in extensive detail in
chapter 6 and so are only discussed in the present chapter as a comparison to the other

two tracer sizes.

7.2 Bulk Tracer Flow

The streamlines of the different tracers for each of the design cases in a vertical slice
through the cell (figure 7.1) give an understanding of the bulk flow of the tracer through-
out the cell. The horizontal slices throughout the unmodified cell, for all three tracers, are
shown in figures 7.2 - 7.4, and horizontal slices of streamlines through the mesh, and just

above the mesh are shown in figures 7.5 and 7.6.

In the unmodified cell, the flow of the 400 um tracer (figure 7.1(a)) is mostly similar
to that of the 500 um tracer (figure 7.1(b)). For both of these tracers the motion in the
bulk of the froth (above a height of 140 mm) is generally upwards with little evidence of
tracer drop off or lateral motion of the tracer. This indicates that, in both cases, there is a

good recovery of the particle from the pulp to the froth. On the other hand, the flow of the
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600 um tracer (figure 7.1(c)) is remarkably different to the other two tracer sizes. There
are fewer locations in the froth and the streamlines show the tracer dropping off from the
pulp-froth interface back into the pulp of the cell indicating that the 600 um tracer had a

worse recovery than the other two tracer sizes.

The streamlines in horizontal slices through the unmodified cell for each of the three
tracer sizes (figures 7.2 - 7.4) show that there is little variation in the motion of the
different tracer sizes in the pulp. As was previously discussed in chapter 6, the 500 um
tracer shows swirl well into the froth phase at a height of 150 mm (figure 7.3). Figure 7.2
shows that this is also the case for the 400 um tracer, however to a lesser extent. On the
other hand, figure 7.4 shows that there is very little presence of the 600 um tracer in the

froth at all.

With the basic mesh, the 400 um tracer (figure7.1(a)) generally shows similar flow to
that of the 500 um tracer (figure 7.1(b)). The tracer moves up through holes A, B and D
of the basic mesh and moves down through holes C. There is also a small mixing loop
in the quiescent pulp zone suggesting that some of the particles which drop off from the
froth are recaptured and recovered, however as with the 500 um tracer, this loop is not

well developed.

The 600 um tracer (figure 7.1(c)) shows similar motion through the holes of the basic
mesh to the other two tracers, however there is no mixing loop in the quiescent pulp
zone. Instead, the streamlines show that the particle generally moves upwards into the
froth and the overflow, this suggests that the larger tracer shows less detachment than
the smaller tracers. This indicates that the quiescent pulp zone is beneficial for coarse
particle recovery. However, the lack of a mixing loop indicates that if the 600 um tracer
was detached then it was not so easily recaptured. The horizontal slices through the mesh
for all tracers (figure 7.5) show that with the basic mesh there is azimuthal flow along
the cell wall in holes D and that there is clear motion of the tracer towards the impeller,
indicating that the motion of the tracer was not just vertical through the mesh. For all
three tracer sizes there is no evidence of swirl above the mesh, as can be seen from figure
7.6, indicating that the presence of the mesh helped to break down the swirl and reduce
the turbulence. However, the streamlines in this slice show that the tracer commonly

moves towards the impeller rather than towards the outside of the cell.

With the blocked mesh, the differences between the motion of the 400 um tracer (fig-
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ure 7.1(a)) and the 500 um tracer (figure 7.1(b)) are greater than in both the unmodified
cell and with the basic mesh. For both tracers there is generally only upwards flow through
all holes of the mesh, unlike in the basic mesh, indicating that blocking holes D helped
to reduce the drop off of the tracer into the primary pulp zone and promote its recapture.
The flow of the 400 um tracer is more chaotic than the 500 um tracer and the flow of the
smaller tracer at the pulp-froth interface is more generally directed into the centre of the
cell, which is not desirable. The mixing loop in the quiescent pulp zone is not as well
developed as for the 500 um tracer, however there is little indication of the tracer moving
down at the cell wall. Instead, the majority of the downwards motion of the 400 um tracer

is concentrated close to the impeller.

The 600 um tracer also shows upwards motion through the holes of the blocked mesh
(figure 7.1(c)), indicating again that the blocked mesh helped to reduce the tracer drop
off to the pulp of the cell. There is a slightly larger mixing loop above the blocked hole
for the 600 um tracer than for the 400 um tracer, however it is still small in comparison to
the 500 um tracer. This mixing loop dips into the top of holes C, suggesting that there was
a tendency for the tracer to drop off and start moving back through the mesh, however it
was often recaptured. The motion of the 600 um tracer above the blocked mesh is initially
towards the cell wall, however at a height of around 150 mm, approximately where the
pulp-froth interface sits, the direction shifts towards the impeller. This would suggest that
there was a less quiescent environment here in comparison to the basic mesh. Towards
the top of the froth the tracer again moves to flow towards the outside of the cell, aiding
recovery. The streamlines through the blocked mesh, for all three tracer sizes, (figure
7.5) are broken, suggesting that the tracer motion through the mesh was predominantly
vertical. Figure 7.6 shows that there is little evidence of swirl above the blocked mesh for
all three tracers, similarly to the basic mesh, demonstrating that the presence of the mesh
provided a more quiescent environment at the pulp-froth interface than the unmodified

cell.
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Figure 7.1: Streamlines of the tracer in the froth, with each of the cell designs, for hy-
drophobic tracers of different sizes (a) 400 um and (b) 500 um and (c) 600 um. Red arrows
are added to highlight some flow patterns and are indicative only. The impeller and the
level of the overflowing lip are shown in dashed blue lines and the position of the mesh

shown in solid blue lines.
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Figure 7.2: Bulk flow of the 400 um tracer at different heights through the unmodified
cell.
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Figure 7.3: Bulk flow of the 500 um tracer at different heights through the unmodified
cell.
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the (a) 400 um, (b) 500 um and (c) 600 um tracers. The location of the mesh is outlined in
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7.3 Velocities

The vertical velocities of the three differently sized tracers in each of the design modifi-
cations are shown in figure 7.7. In order to better understand how the vertical velocity
varies in the cross section of the cell, figures 7.8, 7.9 and 7.10 show horizontal slices taken
at different heights through the unmodified cell for the 400 um, 500 wm and 600 um tracers
respectively. Figures 7.11 and 7.12 show the values of the velocities of the different trac-
ers at different points through the cell allowing for direct comparison between tracers and
design modifications. The error bars presented on both of these figures are the standard
error after averaging across the six slices. The horizontal slices of vertical velocity, through

the mesh are shown in figure 7.13.

The vertical velocities in the pulp of the unmodified cell are similar for all three tracer
sizes (figure 7.7), indicating that all three tracers were equally well suspended in the
bulk of the pulp. Figures 7.8, 7.9 and 7.10 show this in more detail in horizontal slices
at various heights through the unmodified cell. It is clear from these figures that the
positive velocity beneath the impeller (i.e. at a height of 30 mm) slightly decreases in
magnitude as the trace size increase. This is inline with what would be expected as there
would be lower energy in this zone and this impacts on the ability to lift larger particles.
The vertical velocity of the 400 um tracer, in the froth of the unmodified cell, is mainly
positive; there are, however, negative velocities on the top of the froth close to the impeller
(figure 7.7(a)). This suggests that the 400 um tracer was lost from the froth due to bubble
bursting, however, this was less common than for the 500 um tracer. In general, figures
7.12(a) and 7.12(b) show that the vertical velocity of the 400 um tracer in the froth is
similar to that that of the 500 um tracer. On the other hand, the 600 um clearly does not
float well in the unmodified cell with mostly negative velocities at a height of 150 mm
in figure 7.10. Figures 7.11(b) and 7.12(c) show that, where the vertical velocity of the
tracer is negative, the 600 um has a higher magnitude velocity than the other two tracers
suggesting that when the 600 wm tracer is detached it will drop back into the pulp faster

than the other two tracer sizes.

The flow of the 400 um tracer in the froth zone with the basic mesh is quite chaotic
(figure 7.7(a)). There are only a few areas of the cell where the tracer has a positive verti-
cal velocity and the majority of these are concentrated close to the impeller. In general, the

tracer has a negative vertical velocity through the froth and at the top of the froth, which
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is not conducive to successful recovery of the particle. As was shown with the streamlines,
for all three tracer sizes, the tracer moves up through holes A, B and D of the basic mesh
and down through holes C. All three tracers have higher magnitude vertical velocities
through holes D than the other holes in the basic mesh (figure 7.7). This indicates that
there was a higher flowrate at the wall of the cell. The positive vertical velocity of the
400 um tracer through holes B is higher than for the 500 um tracer (figure 7.11(b)) which
was potentially due to the smaller size. In addition the 400 um tracer has more positive
vertical velocities through holes D than the 500 um tracer (figure 7.13) indicating that the

smaller tracer dropped through the basic mesh less frequently than the larger tracer.

The vertical velocity of the 600 um tracer (figure 7.7(c)) is more generally positive
above the basic mesh than the other two tracer sizes, suggesting that the largest tracer
was more easily recovered than the other two. Through the mesh itself (figure 7.11(b)),
the positive vertical velocity velocity of the 600 um tracer through holes B is higher than
the 500 um tracer, and the negative vertical velocities are lower, indicating that the larger

tracer remained in the froth longer than the other tracer sizes.

With the blocked mesh, the 400 um tracer has more positive vertical velocities in the
quiescent pulp zone, and in the froth, than with the basic mesh (figure 7.7(a)). Fig-
ure 7.12 shows that these velocities are also of a higher magnitude, suggesting that the
blocked mesh is aiding the recovery of the 400 um tracer. However, the flow is much more
chaotic than in the unmodified cell and there are areas where there are very low velocities,
especially close to the cell wall. While the average vertical velocity of the 400 um tracer in
the holes of the blocked mesh is positive, there are still areas of the mesh with negative
vertical velocities (figure 7.13(a)). This indicates that the 400 um tracer was being lost
through the blocked mesh and was not as well recovered as the 500 um tracer, however
the magnitude of the positive velocities was higher than the negative velocities and the
flow through the blocked mesh was still improved relative to the basic mesh. There are
areas at the wall with very high velocities; this is where the mesh did not fit flush with the

wall of the cell and the tracer was able to pass through the gap between the two.

Whilst both the 600 um tracer and the 500 um tracer have high vertical velocities in
holes B (figures 7.7(a) and (b)), the 600 um tracer slows down above the mesh, at a
height of 140 um. This is shown clearly in figure 7.12(c) where the “peak” in velocity for
the 600 um with the blocked mesh is narrower, at » =25 mm, in comparison to the other

two tracer sizes with this design. Figure 7.11(a) also indicates that the vertical velocities
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of the 600 um tracer, through the blocked mesh and above, are higher than with the basic
mesh, especially close to the lip of the cell, showing that the blocked mesh improved
recovery compared to the basic mesh. The velocity of the tracer through the different
holes in the blocked mesh (figure 7.13(c)) shows some areas with negative velocities,
however there are fewer than for the 400 um tracer. The velocities of the 600 um tracer are
similar to those of the 500 um tracer and higher than those of the 400 um tracer, suggesting

that the blocked mesh improved the flotation of the coarser particles.

As was previously discussed in section 7.2, there is evidence from streamlines that
there is swirl occurring at the pulp-froth interface. This was a phenomenon first seen in
PEPT results from Norori-McCormac (2015) and is thought to be detrimental to particle re-
covery, as it indicates a non-quiescent environment. In order to get a better understanding
of this phenomenon, and how the different mesh designs affect it, the azimuthal velocity
component is shown in figure 7.14. Here, positive is defined as the same direction the
impeller is rotating. For the unmodified cell the pulp-froth interface sits at approximately
a height of 140 mm. Figure 7.14 shows that, for all three tracer sizes, in the unmodified
cell, there are very high azimuthal velocities at the pulp-froth interface suggesting a non-
quiescent environment. In general, with both meshes, the azimuthal velocities through
the mesh and above it are lower and show no evidence of swirl. This indicates that the
presence of the mesh in the cell helped to break down the swirl at the interface, however

there is no clear difference between the two meshes or the different tracer sizes.
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Figure 7.14: Azimuthal velocity component of the tracer in the froth for hydrophobic
tracers of different sizes (a) 400 um and (b) 500 um and (c) 600 um. Positive is defined as
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7.4 Occupancy

The occupancy of each of the tracers and design cases, through a vertical slice in the cell
is shown in figure 7.15. This is calculated as the length of time the tracer spent in each
voxel as a proportion of the total time the tracer spent in the cell during the experiment
and then normalised for voxel volume. Occupancy is useful to determine where the tracer
spent the most time, as this can indicate how well the tracer was recovered and if there
are any preferential paths through the froth that the tracer took. It is important to note
that a high occupancy can be attributed to one of two things, firstly that the tracer entered
a particular voxel multiple times and secondly that the tracer was moving slowly. It is
therefore important to look at the occupancy in conjunction with the velocity to determine
which of the two is the case. As with the vertical velocities through the cell, figures 7.16
and 7.17 show the variation in occupancy at different points in the cell. The occupancy
in the horizontal slices through the mesh (figure 7.18) is calculated as a proportion of the
total time the tracer spent in the slice. This highlights how the tracer preferentially moves

through different holes of the mesh.

The occupancy of the 400 um tracer, in the unmodified cell (figure 7.15(a)), is low
throughout the pulp zone, indicating that it spent a larger proportion of time in the froth.
In the froth zone the occupancy is quite high, especially towards the edge of the cell,
at radii greater than 60 mm. The tracer velocity in this area is not significantly different
to the rest of the froth (figure 7.7(a)), suggesting that the tracer preferentially flowed
through the froth close to the wall of the cell. The occupancy is also high on top of the
froth close to the impeller, suggesting that the tracer made it to the froth but not into the
overflowing section. On the other hand, the 600 um tracer has a very low occupancy in the
areas where it did enter the froth, and much higher in the pulp, especially at the bottom

of the cell towards the centre, indicating that it was not floating.

The 400 um tracer, for the basic mesh, has a higher occupancy in the pulp than for the
unmodified cell, and also a lower occupancy in the froth (figure 7.15(a)). The occupancy
in the pulp is also higher than for the 500 um tracer with the basic mesh, this indicates
that the basic mesh was inhibiting the flotation of the smaller tracer. The occupancy of the
tracer in the overflowing froth is higher close to the impeller for the 400 um tracer than for
the 500 um tracer, suggesting that the tracer gets stuck in the stagnant, non-overflowing

froth, however, this is less than for the same tracer in the unmodified cell. Although there
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is a path of increased occupancy in the froth for the 400 um tracer at » =40 mm, figure
7.16(a) shows that there is a slight decrease in occupancy at this radius at a height of
180 mm, suggesting that the tracer was not always recovered to the concentrate. In the
holes of the basic mesh, the occupancy of the 400 um tracer is similar in holes B and C, and
a little lower in holes A and D (figure 7.16(b)), indicating that the tracer preferentially
entered these holes. The drop in occupancy through holes D corresponds to an increased
velocity. The occupancy of the 400 um tracer through the basic mesh is higher than the
500 um tracer (figure 7.16(b)), this indicates that the 400 um tracer was not passing into
the froth as much as the 500 um tracer. Figure 7.18 shows the occupancy in the horizontal
slice of the mesh, this is the occupancy as a proportion of the total time the tracer spends
in the mesh, and not the whole cell, in order to highlight difference between the different
holes of the mesh. The 400um tracer, with the basic mesh, has a very low occupancy
in several of the holes of the mesh, however the occupancy is relatively constant across
the rest of the holes in B and C. In the holes D, there are areas with higher occupancy,

however these correspond to lower velocities.

The behaviour of the 600 um tracer, with the basic mesh, is much improved in com-
parison to the unmodified cell (figure 7.15(c)). The occupancy in the pulp is a lot lower,
suggesting that the tracer was recovered to the froth more easily. There is a high occu-
pancy path for the 600 um tracer close to the wall where there are also slow negative ve-
locities suggesting that the tracer became detached and slowly drained through the froth.
Comparing the occupancy (figure 7.18(c)) and the vertical velocity (figure 7.13(c)), areas
where there is higher tracer occupancy through the mesh correspond to lower velocities,
and visa-versa, indicating that there was no preference of flow through any of the holes of

the mesh.

The occupancy of the 400 um tracer in the pulp, with the blocked mesh, is similar to the
unmodified cell and lower than the basic mesh (figure 7.15(a)), showing that this tracer
is recovered better with the presence of the blocked mesh than the basic mesh. As for the
other two designs, this tracer has a high occupancy in the overflowing froth close to the
impeller, suggesting that it was stuck in the stagnant zone of the froth. There is also a high
occupancy zone just below the lip at the wall of the cell, however this corresponds to an
area of extremely low velocity suggesting that the tracer may have got stuck here. There
are many areas of the froth, with the blocked mesh, where the 400 um tracer has a very low

occupancy, however there is a clear path through the froth at » =40 mm. Unlike with the
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basic mesh, this follows with a higher occupancy in the overflowing froth indicating that
the 400 um tracer was more successfully recovered with the blocked mesh. Figure 7.18(a)
shows that the occupancy does not change hugely through the different holes of the mesh,
however there is a slight preference for the tracer to be in holes C. In comparison to the
vertical velocities (figure 7.13(a)) this is where there are often negative velocities which

indicates that the 400 um tracer frequently drops through the mesh.

The occupancy of the 600 um tracer with the blocked mesh, throughout the whole cell,
is much lower than the other tracers and designs (figure 7.17(c)). This indicates that the
residence time of this tracer was much lower than the other tracers. Through the mesh,
the occupancy of the 600 um tracer (figure 7.18(c)) is similar to the 500 um where the
tracer preferentially moves through holes B. There is also a high positive velocity through
holes B (figure 7.13) showing that the tracer was recovered from the pulp to the froth
well. Figure 7.16(a) indicates that, in the majority of the froth, the occupancy of the
600 um tracer is similar for both mesh designs. This suggests that both designs improved

the flotation of this tracer, compared to the unmodified cell.
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7.5 Discussion

The streamlines and vertical velocities, in the unmodified cell, show that the 400 um tracer
behaved in a similar way to the 500 um tracer, both showed good positive flow from the
pulp to the overflowing froth. The occupancy of the 400 um tracer was higher in the froth
and lower in the pulp than the 500 um tracer, indicating that it was recovered more easily.
As with the 500 um tracer, there was evidence of swirl at the pulp-froth interface for the
400 um tracer. On the other hand, the 600 um tracer had a very different flow to the other
two tracers; the tracer very rarely entered the froth and when it did there was mainly a
negative vertical velocity, suggesting it dropped back into the pulp. The occupancy of this
tracer was very high in the bottom of the pulp, close to the centre of the cell, suggesting

that it was too large to float successfully.

With the basic mesh in the cell, the flow of the 400 um tracer was again similar to the
500 um tracer; they both showed the tracer moving up through holes A, B and D and
down through holes C. The positive velocities in holes D had a higher magnitude than
in the other holes of the basic mesh, indicating that there was a high liquid content near
the cell wall. Both tracers also had a similarly chaotic flow in the froth, in comparison
to the unmodified cell, with several areas of negative vertical velocity where the tracer
was inferred to be detached. The occupancy in the pulp was much higher for the 400 um
tracer than the 500 um tracer with the basic mesh, and also than the unmodified cell. This
indicates that the basic mesh reduced the recovery of the smaller, 400 um tracer. On the
other hand, the presence of the basic mesh greatly improved the flotation of the 600 um
tracer, relative to the unmodified cell, however, the motion in the froth and above the mesh
was still quite chaotic. The 600 um tracer moved through the basic mesh in the same way
as the other two tracers, however with a higher magnitude positive vertical velocity and
lower magnitude negative vertical velocity, indicating that it was recovered more easily.
The occupancy of the 600 um tracer in the froth was higher than that of the 400 um tracer,
suggesting that the basic mesh promoted the flotation and recovery of the larger tracer

better than for the smaller tracer.

The blocked mesh resulted in an improvement of the flow of the 400 um tracer relative
to the basic mesh, as there were very few areas where it had a negative vertical velocity.
In addition, the streamlines were a little less chaotic. The positive velocities were also a

higher magnitude than for the same tracer with the basic mesh. The vertical velocities
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of the 400 um tracer were more often positive through the blocked mesh than the basic
mesh, again with a higher magnitude, however they were lower than for the 500 um tracer
with the blocked mesh. This indicates that the presence of the blocked mesh improved the
recovery of the 400 um tracer relative to the basic mesh, but it was reduced compared to
the 500 um tracer as well as the 400 um tracer in the unmodified cell. There was a small
mixing loop above holes C for the 400 um tracer, however this was not as well developed
as for the 500 um tracer. As a result, there were more negative velocities through holes C'
of the blocked mesh. The occupancy of the 400 um tracer in the froth, with the blocked
mesh, was slightly higher than with the basic mesh, and it showed a similar path through
the froth. There was also a higher occupancy in the overflow, indicating that the blocked

mesh improved the recovery of the 400 um tracer relative to the basic mesh.

The flow of the 600um tracer with the blocked mesh was, again, much improved
compared to the unmodified cell. Compared to the basic mesh there were fewer areas
of negative vertical velocity suggesting that the blocked mesh improved the recovery of
the tracer. As for the 400 um tracer, there was a small mixing loop above holes C, where
the 600 um tracer drops towards the top of the mesh, before moving up towards the froth
again, inferring that the tracer was recaptured. There were also fewer negative velocities
for the 600 um tracer in the blocked mesh than for the 400 um tracer, indicating that it was
recovered better. The fact that the occupancy of this tracer was concentrated in holes B,
where there are high positive velocities, also indicates a good recovery, however this was
still lower than for the 500 um tracer. The vertical velocity of the 600 um tracer suddenly
drops at the pulp-froth interface and instead there is lateral motion towards the impeller,
this may indicate a slightly less quiescent environment than for the other tracers. This
would therefore need to be investigated further to improve the understanding of how
different sizes of particles are affected by the quiescent zone, and what implications this

would have for recovery and in an industrial application of this design.

7.6 Conclusions

This chapter presented the results from using PEPT to investigate the effect that the de-
sign modifications investigated in chapters 5 and 6 have on the flotation of three sizes
(400 um, 500 um and 600um) of radioactive labelled tracers with hydrophobic surfaces.

The analysis of the PEPT data for the 500 um tracer has been discussed in detail in chapter
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6, and was used here as a reference for the other two tracer sizes. This was the first time
different sized tracers have been used in a PEPT study with a continuous flotation cell. It
is important to note that the tracers used in this study were much larger than the particle
size of the feed, due to limitations in the tracer manufacture procedure. However, as the
tracers were coated with the same particles used in the feed the results give a good indica-
tion as to the flotation behaviour of the different particles, as well as showing the relative
difference between floating different particle sizes. The size of these tracers, however, are
similar to the very top end of current coarse particle flotation so these results show good

promise for industrial applications.

The analysis of the PEPT data for the different tracer sizes with the different design
modifications shows that the presence of a mesh greatly improves the flotation perfor-
mance of the coarsest tracer (600 um). Both meshes were shown to inhibit the flotation of
the 400 um relative to the unmodified cell, however the blocked mesh showed better flota-
tion of this tracer than the basic mesh. The presence of the blocked mesh also improved
the positive velocities of the 600 um tracer relative to the basic mesh, again indicating that
it promoted an improved recovery. Overall, the blocked mesh resulted in an improvement
in flotation of all three tracer sizes relative to the basic mesh, and only the 400 um tracer
showed a slight decrease in flotation compared to the unmodified cell, indicating that the

blocked mesh successfully improved the flotation of coarse particles.

Whilst these results are promising for the future of coarse particle flotation, showing
that introducing a blocked mesh into the cell can improve the flotation of coarser particles,
these results are from experiments performed at a much smaller scale than industrial
experiments. It is therefore important to follow up this work with more investigations
into how the design modifications will scale up. These investigations should be varied,
including different laboratory and industrial scales combined with numerical simulations

for developing design.



Chapter 8

Conclusions

The aim of this thesis was to improve the understanding of the relationships between
particle size, froth stability and flotation performance in flotation. This thesis also inves-
tigated how different retrofit design modifications affected the flotation performance and

behaviour of different particle types.

This aim was achieved in three key ways, by using a continuously overflowing, bench-
scale, flotation cell with systems that were more complex than had previously been used.
The first way this aim was achieved was by using the flotation cell to investigate the
effect that altering the feed particle size distribution of a copper tailings ore had on the
froth stability and flotation performance with a view to improving the reprocessing of
tailings material. The second way was by developing retrofit design modifications for
use in the continuous flotation cell to alter the flow conditions and improve flotation
performance. Finally the aim was achieved by using positron emission particle tracking
(PEPT) to investigate how these retrofit design modification alter the flow of different

particle types (hydrophobic and hydrophilic) and different particle sizes.

8.1 Key findings

This thesis provided a direct comparison between two measures of froth stability: air
recovery and dynamic froth stability, and showed a good correlation between the two.
it was shown that there was an optimum in froth stability, at an intermediate particle
size distribution, which also corresponded to an improvement in mineral recovery. This

work has improved our understanding of the relationship between feed particle size, froth
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stability and flotation performance. In addition it has been shown that simple changes
can be made to industrial flowsheets in order to improve recovery of valuable material,
especially when reprocessing tailings material via froth flotation. This work also showed
that the continuous flotation cell can be successfully used to investigate a real and complex

ore.

Whilst it was possible to use a real ore with the continuous flotation cell, it was decided
that a synthetic two-species ore would be used for the remaining experiments in this thesis.
This decision was taken as a two-species ore is easier to analyse and therefore better
facilitates the assessment of different design modifications. In addition, a two-species ore
still gives a better representation of true flotation than had previously been studied in the

continuous flotation cell.

The continuously overflowing, bench scale flotation cell was then used to investigate
the effects that inserting two retrofit design modifications, into the top of the pulp zone,
had on flotation performance and froth stability of the two-species system. The first mesh
design was the same as was shown to be optimal for Norori-McCormac (2015), the second
was based on this design, however it was altered so that the outer holes of the mesh are
blocked in. The rationale was to reduce the liquid flowrate at the walls of the cell and

reduce the entrained gangue material.

In terms of froth stability, for a given superficial gas velocity there was no statistically
significant difference between the three designs (the unmodified cell, the basic mesh and
the blocked mesh). However, the relationship between changing superficial gas velocity
and the air recovery was statistically different between each design. None of the designs
showed a peak in air recovery (PAR), however this is likely to do with the small range of
superficial gas velocities investigated. The froth stability for the unmodified cell increased
with an increase in superficial gas velocity, indicating that the PAR may have been at a
higher superficial gas velocity. With either of the meshes inserted into the cell, the froth
stability decreased with an increasing superficial gas velocity, but at different rates for the
different mesh designs. This indicates that inserting one of these two meshes into the cell
results in the PAR being achieved at a lower superficial gas velocity than in the unmodified

cell. This caries interesting implications from an operational point of view.

In terms of flotation performance, using the basic mesh resulted in an improved con-

centrate, grade but a reduced indicative recovery relative to the unmodified cell. On
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the other hand, the blocked mesh had little effect on the grade, yet greatly increased the
indicative recovery, especially at the highest superficial gas velocity investigated. The pres-
ence of the blocked mesh also led to a substantial increase in water flowrate, which was
unexpected, however the mesh also significantly reduce the entrainment factor indicat-
ing that it inhibits the recovery of gangue material via entrainment. This has important
implications for fine particle flotation as, even if the problem of fine valuable attachment
can be overcome, there will still be a high level of entrainment of fine gangue material,
therefore, the blocked mesh may help to improve the grade of the concentrate with feeds

that have a very fine particle size distribution, such as tailings.

The two retrofit design modifications were subsequently investigated using positron
emission particle tracking (PEPT) with a range of tracer types and sizes. It is important to
note that the tracers used in this these were much larger than the size of the particles in the
system due to the limitations in the tracer manufacture process. However, they allow for a
systematic investigation of particle size effects, while maintaining a representative particle
size distribution of the feed and can be similar to the size of particles being investigated
for “coarse particle flotation”. The analysis of the PEPT data showed that the presence of
either mesh in the cell resulted in a shallower froth, and a secondary pulp zone, which
was more quiescent than the primary pulp zone. This can be seen in the schematics in
figure 6.18. This quiescent secondary pulp zone helped to reduce particle drop off at the

pulp-froth interface.

Further analysis of the PEPT data showed that the presence of the basic mesh was
detrimental to the flow and recovery of the 400 um and 500 um hydrophobic tracers. On
the other hand, the basic mesh did result in an improved recovery of the 600um hy-
drophobic tracer, which was not recovered well in the unmodified cell. The blocked mesh,
however, resulted in a substantial improvement in the recovery of the 500 um and 600 wm
hydrophobic tracers relative to both the unmodified cell and the basic mesh. Whilst there
was a slightly worse recovery of the 400 um tracer relative to the unmodified case, it was
still better relative to the basic mesh. The improved recovery was due to the presence
of a mixing loop in the secondary pulp zone, which promoted reattachment of detached
particles. A similar, but larger and more well developed, mixing loop was shown for the
hydrophilic tracer with the blocked mesh, which prevented the recovery of the hydrophilic

tracer to the froth and explains the reduced entrainment factor with this design.

This thesis has presented two methodologies for improvements in the froth flotation
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process. Both have important implications for improving the sustainability of the mining
industry. Firstly, it was shown that the recovery of valuable minerals from the reprocessing
of material from tailings dams can be improved by optimising the particle size distribu-
tion of the feed to flotation. Secondly, a retrofit design modification has been proposed
that will introduce a quiescent secondary pulp zone into the flotation cell, which resulted
in an improvement in recovery and a reduction in entrained hydrophilic material. This
design modification was also shown to result in an environment thought conducive to
successful flotation of coarse particles. Implementing such design modifications at the in-
dustrial scale may result in substantial benefits by reducing energy consumption used in

comminution.

These results have only been shown to be the case at the bench-scale, and so there is
scope for further testing of these modifications in order to scale up for industrial opera-
tion. There are challenges involved with scaling up the physical characteristics of a cell,
primarily the fact that there are stagnant areas of the froth towards the centre (Zheng
et al., 2004). This is overcome in industry by altering the launders of the cell or introduc-
ing crowders (Mesa and Brito-Parada, 2019), and so it is imperative not only to consider
how the results from this work translate into a larger flotation cell, but also how the hori-
zontal mesh design would interact with launders and crowders. This can be done in stages
with different size laboratory scale equipment, which allows more control, before moving
to pilot scale and eventually plant scale. Numerical simulations would also be integral in

improving the design modification with regards to scale up.

8.2 Further work

As was discussed in chapter 4, there are limitations to the current set up of the contin-
uously overflowing flotation cell. Primarily that it is not possible to obtain large enough
samples of the concentrate for a full mineralogical analysis. In addition to this, as the
concentrate is pumped directly back into the pulp of the cell, there is no tailings stream
and so a proxy for recovery needs to be used. Both of these limitations could be improved
upon by introducing a sump. This will allow direct recovery to be calculated and should
also allow large concentrate samples to be taken without affecting steady state operation.

This may then make it easier to use a more complex ore than the two-species system.

Whilst the retrofit design modifications were shown to result in a quiescent pulp
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zone, and improved the flotation of a 600 um tracer, the particle size distribution of the
magnetite-silica feed was not varied. It would be interesting to investigate how the ef-
fects that the retrofit design modifications had on flotation vary with different feeds, with
a particular focus on very fine and very coarse material. One of the other key findings
from the PEPT data was that with the design modifications inserted into the cell the froth
depth appeared to be reduced, however this did not affect the flotation performance as
was expected. The reasons for this could be investigated further by running experiments
controlling and varying the froth depth with the different modifications. The froth depth
could be monitored using a device like a guided radar level sensor, although this would
come with the caveat of potentially altering the froth properties at such a small scale and

being challenging to implement during PEPT studies.

In addition, it would be interesting to investigate the improvements shown by blocking
in the outer mesh holes further. This could be done by producing a series of meshes with
different areas blocked in, to determine if there is an optimum configuration, both in terms
of flotation performance and also in PEPT experiments. Alongside this, it is important to
understand the mechanism behind the increased water recovery with the blocked mesh to
inform the design of future design modifications. This could be done with a combination
of numerical simulations and the use of a neutrally buoyant naturally hydrophobic tracer

to act as a better analogy to the water in the system rather than the hydrophobic particles.

There are limitations with the current tracer manufacture process which resulted in it
being challenging to produce tracers of a similar size and density to the particles in the
system. Further work needs to be done to refine the manufacture process to allow for
smaller tracers to be created and for the density to be modified such that it is a closer

match to the different particle types being used in the system.

Conducting experiments in a continuously overflowing flotation cell at the bench scale
has many benefits. The cell has been specifically designed to fit within the field of view
of the PEPT camera, and so can easily be used to investigate how different design modi-
fications affect the behaviour of different particles. In addition to this, the size of the cell
means that the design modifications can easily be prototyped with the use of 3D printing.
This means that this bench scale cell is incredibly flexible and a good point for initially
testing new designs. However, due to the small sample sizes that can be taken from the
concentrate, it is challenging to gain a full understanding of how modifications affect

flotation performance of different particles (e.g. varied size and mineralogy). For this
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reason, it is important to also test the design modifications that are shown to be optimal
at a larger laboratory scale, such as that used by Morrison et al. (2017). This will be
the first step in the process of scaling-up these types of retrofit designs for industrial use.
Future work would also include developing the mesh designs further with simulations at
a variety of different scales and investigating how these new retrofit design modifications
could potentially interact with those already used in industry such as different launders
and crowders. This will be especially important for investigations at larger sizes, close to

industrial flotation.
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Appendix A

Publications

A.1 Dynamic froth stability of copper flotation tailings
(Minerals Engineering - published May 2018)

The results from the dynamic froth stability experiments in chapter 4 were published as
a paper in Minerals Engineering in May 2018. This is an open access paper and can be

found here: https://doi.org/10.1016/j.mineng.2018.05.005

A.2 The link between particle size and froth stability - implica-
tions for reprocessing of flotation tailings

(Journal of cleaner production - published September 2019)

The results from the air recovery experiments, as well as the comparison between the two
stability measures in chapter 4 were published as a paper in the Journal of Cleaner Produc-

tion in September 2019 and can be found here: https://doi.org/10.1016/j.jclepro.2019.118436
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ARTICLE INFO ABSTRACT

In this work, dynamic froth stability is used for the first time to investigate the flotation behaviour of copper
tailings. Reprocessing of material from tailings dams is not only environmentally desirable, but also increasingly
economically feasible as head grades can be high compared to new deposits. Flotation tailings, however, usually
contain a large proportion of fine (10-50 um) and ultra fine (< 10um) material and the effect of these particle
sizes on froth stability is not yet fully understood.

For this study, samples were obtained from the overflow and underflow streams of the primary hydrocyclone
at a concentrator that reprocesses copper flotation tailings. These samples were combined in different ratios to
assess the dynamic froth stabilities at a wide range of particle size distributions and superficial gas velocities. The
findings have shown that the effect of particle size on dynamic froth stability can be more complex than pre-
viously thought, with a local maximum in dynamic froth stability found at each air rate. Moreover, batch tests
suggest that a local maximum in stability can be linked to improvements in flotation performance. Thus this
work demonstrates that the dynamic froth stability can be used to find an optimum particle size distribution
required to enhance flotation. This also has important implications for the reprocessing of copper tailings as it
could inform the selection of the cut size for the hydrocyclones.

Keywords:

Particle size

Column flotation
Copper tailings
Dynamic froth stability

1. Introduction

One of the key challenges currently facing the mining industry is the
decreasing head grades whilst the global demand for metals is ever
increasing. It is therefore becoming more important for the industry to
look to other potential sources to meet the demand. One such source is
tailings dams. Historically, processing efficiency was much lower than
it is today, resulting in tailings being higher grade (Falagan et al.,
2017). For example, over the 20th century the copper grade of tailings
has fallen from 0.75% to 0.14% (Gordon, 2002). In some cases historic
tailings dams can therefore be higher grade than current deposits. Re-
processing this material is beneficial to industry for several reasons.
Firstly, there are lower costs involved compared to a new mine as the
ore has already been mined and milled. Secondly, tailings dams present
a significant environmental problem, so reprocessing can help to reduce
environmental contamination (Chen et al., 2014). However, there is no
blanket approach to reprocessing tailings as there will be different re-
quirements associated to each individual dam (Edraki et al., 2014).
Another problem is that the majority of material held in tailings dams is
fine grained, < 50 um.
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1.1. Fine particle flotation

There are several challenges in the flotation of fine particles, gen-
erally those less than 50 um in size. Firstly, the probability of bubble
particle attachment occurring is low (Miettinen et al., 2010). Secondly,
they are more easily entrained due to the low particle diameter to
Plateau border size ratio (Trahar, 1981) and thirdly, they can require
higher quantities of reagents in order to increase the contact angle
caused by a higher specific surface area (Chipfunhu et al., 2011).

Whilst there has been a significant body of work in fine particle
flotation, it is not yet fully understood whether fine particles stabilise or
destabilise the froth. Johansson and Pugh (1992) studied the effects of
different contact angles and different particle sizes of quartz on the
dynamic froth stability in a laboratory scale, stirred flotation column.
For the finest particle size investigated, 26-44 um, it was found that
particles stabilised the froth when they were moderately hydrophobic
(Contact Angle =50-65°), however at lower contact angles they had
little effect on the stability and at higher contact angles they destabi-
lised the froth. Tao et al. (2000) showed that a small increment in the
solids concentration of very fine coal particles (10 um), also in a la-
boratory scale flotation column, lead to a large decrease in water re-
covery and this suggested that the fine particles had a destabilising

0892-6875/ © 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/BY/4.0/).
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effect on the froth.

Ahmed and Jameson (1985) suggested that a potential way to
achieve the flotation of fine and coarse particles is to split the feed and
use different operating conditions to treat each size. However, this re-
quires a more complex flowsheet and so it is also important to under-
stand if there are techniques for treating different sizes together. The
interaction between fine particles and coarse particles of pure silica has
been studied by Vieira and Peres (2007) and Rahman et al. (2012). The
work by Vieira and Peres (2007) investigated the effects that changing
the amount of fine material (38-74 um) in the feed had on the flotation
recovery of different particle sizes using a Denver cell. The results
showed that there is an intermediate amount of fines required in the
feed to optimise the solids recovery of all particle sizes investigated.
They suggested that this can be attributed to an improvement in froth
stability. Rahman et al. (2012) also studied the effects of changing feed
size (with d80s ranging from 80 to 240 um) on solids recovery in a
laboratory scale flotation column. They found that an increase in the
amount of fine material (i.e. a decrease in d80) resulted in increased
recoveries. Contrary to Vieira and Peres (2007),Rahman et al. (2012)
did not observe that an intermediate amount of fines in the feed pro-
duced the best results.

Work by Leistner et al. (2017) investigated the effect that the size of
gangue material, quartz, had on the recovery of ultrafine (< 10 pum) and
fine (10-50 um) particles of the target mineral, magnetite. These ex-
periments were conducted in a mechanical laboratory scale flotation
cell. The results indicated that using fine quartz increases magnetite
recovery for both size fractions whilst using ultrafine quartz particles
has the opposite effect. This indicates that the recovery of ultrafine
valuable particles can be improved in the presence of coarser gangue
particles.

Froth stability is not only dependent on particle size or hydro-
phobicity, as already discussed, but the superficial gas velocity also
plays an important role. Recently, Norori-McCormac et al. (2017) used
a novel laboratory scale mechanical flotation cell to investigate the
effects of superficial gas velocity and particle size on froth stability,
measured using air recovery. They found that at high air rates a rela-
tively fine feed, d80 of 89.6 um, resulted in higher froth stabilities, yet
at lower air rates it was an intermediate feed size that yielded the
higher froth stabilities. This suggests that the relationship is more
complex than previously thought.

1.2. Dynamic froth stability

The Bikerman test was developed to investigate the foam stability of
dynamic systems using a flotation column (Bikerman, 1948). In this test
gas is bubbled through a porous membrane into liquid in the column,
allowing a foam layer to form at the top. This foam will rise until it
reaches a steady state where the volume of gas entering the system, as
bubbles, is equal to the volume of gas escaping when the bubbles burst
(Bikerman, 1948). Many studies have shown that the height of the
column of foam is proportional to the rate of flow of gas in the system
and Bikerman (1948) defines the rate of proportionality as the dynamic
foam stability (X):

(€8]

where V; is the volume of the foam, Q is the volumetric flow rate of the
gas, H is the foam height of the system at steady state and J; is the
superficial gas velocity. This rate of proportionality does not only apply
to foams but also to froths and can also be described as the average
lifetime of a bubble in the froth (Bikerman, 1973).

There have been several studies looking at the effects of particle size
and superficial gas velocity on froth stability. Ip et al. (1999) in-
vestigated the relationship between froth stability and particle size,
using a silica, water, air system. Although the results showed a general
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decrease in stability with an increase in mean particle size, this was not
a smooth change; between a size of 60 um and 90 um there was little
variation in froth stability. Barbian et al. (2003) used a modified Denver
cell with a Platinum Group Metal (PGM) ore and observed that the
dynamic froth stability factor decreased with an increase in superficial
gas velocities. However, the superficial gas velocities in their work
ranged between 0.13cms ™! and 0.66 cms™ ! and were therefore low
compared to industrial flotation cells. Aktas et al. (2008) used a similar
cell, again with a PGM ore, and observed the same relationship between
dynamic froth stability and superficial gas velocity, again investigating
the effects at low superficial gas velocities, between 0.26 cms™! and
0.53 cm s~ . In addition to varying the gas velocity (Aktas et al., 2008)
also varied the particle size and found that as the particle size increased
the dynamic froth stability decreased, however, only four different sizes
were used and these were coarse (d90 of 118 um to 306 pm) and so the
study doesn’t give information about a broad range of both fine and
coarse particles. More recently, Liang et al. (2015) investigated the
effects of coal particles of different sizes on the froth stability again
using a modified stability column. Four different size fractions were
used here, namely —74um, —125+ 74pum, —250 + 125um and
—500 + 250 pm. Whilst these sizes consider a wider overall distribution
than other studies, each of the size ranges tested was quite broad. These
experiments were also run at low gas velocities of 0.2cms™.
McFadzean et al. (2016a) studied the effects of particle size on dynamic
froth stability for three different ores: a synthetic silica and pyrite ore, a
PGM ore, and an Itabirite ore. The results for all three ores showed a
smooth decreasing power law relationship when increasing the average
feed particle size. Whilst the particle size of the synthetic ore ranges
from around 16 um to 210 pum the other two ores had smaller size
ranges, between 29 um and 71 pum. These experiments were run at a
superficial gas velocity of 0.98 cms™!.

Barbian et al. (2005) developed a froth stability column to be used
at industrial scale, allowing froth stability to be correlated to flotation
performance. The results, from a copper sulphide ore, showed that the
highest dynamic froth stability resulted in the highest copper grade but
lowest recovery. McFadzean et al. (2016b) also showed a link between
dynamic froth stability and flotation performance in their work. Their
study investigated the effects of different frother blends on the froth
stability of a PGM ore with an agitated laboratory scale column. The
results showed that a higher froth stability resulted in higher recovery,
but that there was little correlation with grade. The results from these
two studies are contradictory suggesting that the relationship between
froth stability and flotation performance is more complicated.

Whilst there have been various studies investigating the dynamic
froth stability and the link to particle size, different gas velocities and
flotation performance, there has been no attempt to link all three as-
pects. This work fills this gap by determining the dynamic froth stability
of copper flotation tailings, considering different particle size dis-
tributions and at a range of superficial gas velocities. In addition, batch
flotation tests were performed for selected conditions to obtain a pre-
liminary assessment of flotation performance. The range of particle
sizes investigated here are wider than have previously been studied and
the superficial gas velocities are higher, and closer to those encountered
in industrial flotation cells.

2. Methodology and equipment
2.1. Case study: tailings reprocessing plant

A processing plant in Chile has been reprocessing copper flotation
tailings from two historic and one fresh tailings dams since 1992. The
grade ranges from 0.12% Cu for the fresh tailings to 0.27% Cu for the
historic tailings. The feed from these tailings dams to the plant contains
a high proportion of fines, approximately 50%, by mass, of the material
passing 10 um. Once the tailings feed has been transported to the plant
it passes through the primary hydrocyclone for the different particle
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Fig. 1. Cumulative size distributions of the hydrocyclone overflow and under-
flow streams from the copper tailings reprocessing plant.

sizes to be treated separately. The underflow stream, with a d90 of
270 um, is sent to the flotation circuit.

2.2. Materials

Samples of copper tailings were collected from the overflow and
underflow streams of the primary hydrocyclone at the processing plant
discussed in Section 2.1. The d90s of these samples were 63.7 um and
279 um respectively and the particle size distributions of each can be
found in Fig. 1. The samples were obtained as slurry, which was sub-
sequently dried and the two sizes combined in different proportions, by
mass, to produce seven particle size distributions, which can be seen in
Table 1. All experiments were conducted using the same batch of solids
collected from the processing plant to minimize any effects due to mi-
neralogy. The experiments were carried out using Sodium Isopropyl
Xanthate, as a collector, at a concentration of 50gt~' and Dow-
Froth400 at a concentration of 20gt™! as frother. The slurry was
modified to pH9 using lime. This reagent environment was studied in
previous work by Molina et al. (2016).

2.3. Froth stability experiments

A laboratory scale, unstirred flotation column (Fig. 2) was used for
the dynamic froth stability experiments in a modified Bikerman test.
This set up is similar to the systems used in a variety of other studies (Ip
et al., 1999; Cilek and Karaca, 2015; Li et al., 2017). The column was
157 cm tall with graduations on the front wall and a square cross sec-
tional area of 139.2 cm?. Air was injected into a chamber at the base of
the column where it then passed through a porous disk (porosity No. 1)
of sintered glass, 8 cm in diameter in order to produce bubbles. Six liters
of slurry were used with a solids content of 10% for all experiments
(Molina et al., 2016). Between each experiment the column and frit
were cleaned thoroughly by rinsing each wall with water and then
ethanol twice and then finishing with a final rinse with water to ensure

Table 1

The proportions of overflow and underflow material in the seven different
particle size distributions investigated and their corresponding d10, d50 and
d9os

Overflow Underflow d10, pm d50, um d90 pum

1 0 2.6 13 64
0.75 0.25 3.4 36 117
0.50 0.50 4.2 59 171
0.375 0.625 4.6 70 198
0.25 0.75 5.0 82 225
0.125 0.875 5.3 89 241

0 1 5.8 105 279
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Fig. 2. Schematic of the laboratory scale flotation column. Adapted from
Molina et al. (2016).

no ethanol remained on the walls.

The froth heights for each of the seven particle size distributions
were investigated in the column, each at three different superficial gas
velocities that ranged between 0.96cms™! and 1.92cms™ . It is im-
portant to note that since a wide range of conditions were evaluated,
not all cases could be run at the same three values of superficial gas
velocity. For fine particles at high air rates the froth was very stable and
would quickly reach the full height of the column and overflow. At the
other extreme, coarse particles at low air rates did not produce a stable
froth at all. Measurements of the froth height, to the nearest 0.5 cm,
were recorded regularly over a 30 min period and each experiment was
duplicated.

2.4. Flotation performance experiments

Preliminary flotation performance tests for selected particle size
distributions were conducted in a 3L Denver cell with a cross-sectional
area of 169 cm? at a superficial gas velocity of 1.44 cm s~ '. This air rate
was chosen to match the air rate for which dynamic froth stability
experiments were run for all seven of the particle size distributions.
These tests were performed with the same reagent environment and
solids concentration as in the column flotation tests. The Denver cell
was operated with an agitation speed of 1200 rpm, a conditioning time
of 5min and a flotation time of 10 min. The performance of three
particle size distributions were investigated in this set of experiments,
those with d90s of 117 um, 225 um and 279 pm.

2.5. Sample analysis

The particle size distributions of the varying feeds were determined
using a Malvern Mastersizer 2000 particle analyser. The concentrate
samples from the flotation performance experiments were analysed
chemically using atomic adsorption spectrometry to determine copper
content.
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Fig. 3. Froth height growth for experiments with d90 of 279 um over 30 min of

operation at two different superficial gas velocities. Intervals represent one
standard deviation.

3. Results & discussion
3.1. Particle size and dynamic froth stability

Fig. 3 shows froth height for the experiments at two different air
rates for the coarsest particle size distribution, with a d90 of 279 um.
Each curve represents average data across duplicated experiments, with
intervals representing one standard deviation. This illustrates that the
froth height initially increased and after a period of 5min slightly de-
creased again, reaching steady state. Previous work has referred to the
maximum froth height, H,,,., when calculating %, Eq. (1), however as
can be seen from these experiments the maximum height the froth
achieves is not the froth height at steady state. In this work, when
calculating the dynamic froth stability we have used the equilibrium
height, H,, which is the steady state froth height reached after ap-
proximately 30 min of operation.

The dynamic froth stability factor, Eq. (1), was calculated for each
experiment using the equilibrium heights, which can be found in

Table 2

Average equilibrium heights, H,q, and dynamic froth stability factors, X, for all
particle size distributions and superficial gas velocities, J,, investigated.

Condition No. d90, um Jg, cm s7! Heq, cm 3, s
1 64 0.96 11.7 12.2
2 64 1.20 19.6 16.3
3 64 1.44 30.2 20.9
4 117 0.96 3.8 3.9
5 117 1.20 7.8 6.5
6 117 1.44 23.4 16.3
7 171 1.20 4.1 3.44
8 171 1.44 15.7 10.9
9 171 1.68 30.2 18.0
10 198 1.20 7.0 5.8
11 198 1.44 14.8 10.3

12 198 1.68 42.0 25.0
13 225 1.20 3.9 3.2
14 225 1.44 17.6 12.2
15 225 1.68 47.9 28.5
16 241 1.20 2.9 2.4
17 241 1.44 7.5 5.2
18 241 1.68 21.6 12.8
19 279 1.44 4.7 3.2
20 279 1.68 13.2 7.9
21 279 1.92 25.8 13.4
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Fig. 4. Dynamic froth stability for different particle size distributions at a range
of superficial gas velocities. Error bars represent one standard deviation.

Table 2. Fig. 4 shows the dynamic froth stability factor, for different
particle size distributions at constant air rates. For all particle size
distributions, decreasing the superficial gas velocity will lead to a de-
crease in dynamic froth stability factor. This is contrary to what was
found by Aktas et al. (2008). It is important to note that the superficial
gas velocities used in this work are higher than those use in previous
work and similar to industrial values.

From the results in Fig. 4 there is an overall decrease in dynamic
froth stability with increasing particle size. However, the decrease is not
smooth and two stability regimes can be seen. The first is at finer
particle size distributions, below 171 um, where the dynamic froth
stability factor decreases as d90 increases. At the coarser particle size
distributions, above 171 um, there is a local maximum in froth stability
at a given superficial gas velocity. This maximum is much more pro-
nounced at higher superficial gas velocities.

Previous work by Aktas et al. (2008),Liang et al. (2015) and
McFadzean et al. (2016a) only reported a decrease in dynamic froth
stability with an increase in particle size. However, there are several
differences in experimental method (as discussed in detail in Section
1.2), such as the range of particle sizes considered and the superficial
gas velocities used, meaning that a similar maximum may exist in those
systems but was not encompassed by the data. At the lower of the two
air rates investigated here the data is smoother. These air rates are si-
milar to the one used in experiments by McFadzean et al. (2016a),
0.98 cm s~ !, suggesting that it is not just the particle size that plays an
important role in froth stability but there is also a superficial gas ve-
locity effect. These results also show that the relationship is more
complex than previously thought. This is similar to the findings from
Norori-McCormac et al. (2017) when investigated the effects particle
size and superficial gas velocity have on the air recovery. Whilst Ip et al.
(1999) discuss that their results illustrate the same decrease in froth
stability with an increase in size, the relationship was not smooth. In
fact, the data shows a plateau at a similar particle size to where there
local maximum is seen in our data.

It is clear that, when operating towards the right hand side of the
graph, there is an optimal particle size distribution that will improve
the dynamic froth stability. This suggests that if the tailings reproces-
sing plant were to slightly lower the cut size of the primary hydro-
cyclone they could improve the froth stability in the flotation cells. As
previously discussed a higher dynamic froth stability has been shown to
correlate to an improvement in grade (Barbian et al., 2005) or recovery
(McFadzean et al., 2016b).

3.2. Particle size and flotation performance

In order to understand the effect of particle size distribution, not
only on dynamic froth stability but also on flotation performance,
preliminary experiments were conducted using batch flotation tests.
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Fig. 5. Copper recovery from batch flotation tests and dynamic froth stability at
a superficial gas velocity of 1.44cms™'. Error bars represent one standard
deviation.

These were performed on three particle size distributions with a su-
perficial gas velocity of 1.44 cms™?, condition numbers 6, 14 and 19
(from Table 2). The three particle size distributions chosen were i) the
closest to the feed to the primary hydrocyclone, ii) the local maximum
in dynamic froth stability, and iii) the size currently being sent to the
flotation circuit.

Fig. 5 shows the results of copper recovery as a function of particle
size (d90) for these tests compared to the dynamic froth stability at the
same air rate from Fig. 4. It is observed that at the particle size dis-
tribution where there is the local peak in dynamic froth stability, d90 of
225 pum, there is also a peak in copper recovery. It is also interesting to
note that out of the three particle sizes the one with highest dynamic
froth stability, d90 of 117 um, actually corresponds to the lowest
copper recovery. This indicates that there is not always a direct corre-
lation between dynamic froth stability and copper recovery contrary to
the results from McFadzean et al. (2016b). For the tests in this work, the
highest copper grade was achieved at the lowest dynamic froth stabi-
lity, with a d90 of 279 um, which is the opposite of what was reported
in Barbian et al. (2005). The results here show that dynamic froth
stability alone cannot be used to determine an optimal particle size for
performance, but it is also important to consider which of the two re-
gimes is being investigated.

4. Conclusions

This work has investigated the effects of varying the particle size
distribution on the dynamic froth stability of samples from a copper
flotation tailings dam at different superficial gas velocities. Compared
to previous work, this study has investigated a wider range of particle
size distributions, and at superficial gas velocities that are more com-
parable to those used in industrial flotation cells. In all experiments, for
the same feed particle size distribution, there was an increase in dy-
namic froth stability with an increase in superficial gas velocity.

When considering the relationship between particle size distribution
and dynamic froth stability, we postulate the existence of two regimes.
The first is at lower feed d90s, where there is a decrease in froth sta-
bility for an increase in particle size. The second is at higher feed d90s,
where dynamic froth stability goes through a maximum as the d90 of
the feed increases. A preliminary investigation of the relationship be-
tween dynamic froth stability and flotation performance was carried
out using batch flotation tests for selected particle size distributions at
one air rate. The results showed that the local peak in dynamic froth
stability corresponded to a clear improvement in copper recovery for
the system. This suggests that, when operating at coarser particle size
distributions, the presence of fines in the system can, to some extent,
improve the dynamic froth stability and flotation performance.
However, if there is too high a proportion of fines the increase in dy-
namic froth stability does not necessarily correspond to improved
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performance. In the case of the reprocessing plant this work suggests
that operations may be improved by lowering the cut size of the pri-
mary hydrocyclone. Future work will include testing the same ore in
laboratory experiments that are more representative of plant scale
flotation.

This work has shown that the relationship between froth stability,
particle size and air rate is more complex than previously thought.
Particularly, in order to use dynamic froth stability to determine the
optimum particle size distribution for flotation, a wide range of particle
sizes should be considered.
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Abstract

Historic tailings dams can often be considered as valuable mineral reserves due to the declining head grades
of primary deposits. The reprocessing of such material is of great interest to the minerals processing industry,
not only from an economic point of view, but also from an environmental one. However, tailings material is
generally comprised of fine particles, which poses a challenge for its reprocessing using froth flotation due
to reduced recoveries of these particle sizes. In addition, there is some debate as to the effect that these fine
particles have on the froth stability, which in turn is linked to mineral recovery.

In this work, air recovery was used as a measure of froth stability to determine the flotation response of a
copper tailings ore to changes in particle size distribution and superficial gas velocity. The system exhibited
a maximum in air recovery, which correlates well with the local peak in dynamic froth stability presented in
previous work. This maximum in froth stability is also shown to correspond to an improvement in flotation
performance, thus highlighting the importance of considering the link between particle size, air rate and
froth stability when determining the flotation strategy for tailings reprocessing. The results are discussed
in terms of the implications for the reprocessing plant from where the ore samples were obtained and, more
generally, for the efficient flotation reprocessing of tailings.
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1 Introduction stance, there is no comminution requirement. Added
to this, by reprocessing the waste material, mining
companies can reduce the significant environmental
problems associated with tailings dams (Chen et al.,

The global demand for metals, such as copper, is
2014).

increasing, putting a strain on mining companies as
head grades of deposits decrease. At the beginning
of the 20" century copper tailings dams had an av-
erage copper content (or grade) of 0.75%, while to-
day they are as low as 0.14% (Gordon, 2002). This
drop is due to an improvement in processing efficiency
(Falagén et al., 2017). Reprocessing historic tailings
dams is therefore attractive to the mining industry,
as they are relatively high grade in comparison to
modern reserves. There are also other benefits, for in-

One of the most widely used separation techniques
across the minerals processing industry is froth flota-
tion, a technique that utilises the differences in sur-
face properties to separate valuable minerals from
the waste material (Fuerstenau et al., 2007). Due
to the relative versatility of flotation, especially with
regards to complex and low grade ores, this technique
is commonly used for the reprocessing of tailings ma-



terial (Wills and Finch, 2015). However, one of the
major challenges presented by reprocessing tailings
material in this way is that it contains a large por-
tion of fine and ultra-fine particles, which are harder
to process using froth flotation (Edraki et al., 2014).
It is therefore vital to carry out research into under-
standing the effects of different operating conditions
on the flotation performance of tailings material.

There have been numerous recent studies investi-
gating the potential for reprocessing tailings ores us-
ing froth flotation for a variety of different ore types
such as copper (Lutandula and Maloba, 2013; Alcalde
et al., 2018; Mackay et al., 2018; Yin et al., 2018),
gold (Valderrama and Rubio, 2007), zinc (Yang et al.,
2015; Babel et al., 2018) and cassiterite (Leistner
et al., 2016). These studies have shown that there
is good potential for the reprocessing of the vari-
ous tailings types investigated. However, each of the
aforementioned papers presents a different solution
to the general problem that is specific to that ore.
Due to the case-specific nature of tailings material,
it is challenging to develop a generic framework for
tailings management (Adiansyah et al., 2015). The
present study will investigate the ability to improve
the flotation recovery of valuable minerals from tail-
ings materials by altering the feed particle size dis-
tribution.

1.1. Fine Particle Flotation

Due to the fact that the majority of particles in
tailings dams are fine (less than 50 pm), it is im-
portant to understand the challenges of successfully
floating such material and what effects the presence
of the fine particles has on froth stability and there-
fore flotation performance. The first major problem
when recovering fine or ultrafine particles through
froth flotation is that, due to their higher specific sur-
face area, they consume larger quantities of reagents
(Feng and Aldrich, 1999). The second problem is
that there is a much lower probability of the parti-
cle attaching to the bubble (Miettinen et al., 2010).
The third problem is that, the small size of the par-
ticles results in lower settling velocities and particles
are therefore more easily entrained (Neethling and
Cilliers, 2009). For more detail into the problems

associated with fine particle flotation the reader is
directed to Miettinen et al. (2010), which presents
an in depth review paper on the matter.

Whilst it is well known that fine particle recovery in
froth flotation is poor (Fuerstenau et al., 2007), there
have also been several studies investigating the effects
that the amount of fine particles in the feed has on
the recovery of different particle sizes in the system.
These studies have shown that the presence of fine
particles, to some extent, can improve the flotation
recoveries of other particles in the system. Vieira and
Peres (2007) conducted laboratory experiments in a
Denver flotation cell to investigate this, varying the
proportion of fine (38-74 pm) quartz particles in the
feed from none to 15.6%, and measuring the recov-
eries of the fine, medium and coarse quartz particles
were measured. The results showed that the feed
with and intermediate proportion of fine quartz par-
ticles (11.6 %) improved the recovery of all three size
fractions. The authors proposed that this effect was
due to the presence of fine particles stabilising the
froth, however the froth stability was not quantified
in this work. Conversely, flotation experiments con-
ducted by Rahman et al. (2012) showed that when
changing the feed size of silica particles in a labo-
ratory scale flotation column, it was the finest feed
(with a dgp of 80 pm) that resulted in increased recov-
eries of the coarser particle sizes (>90 pm). The work
by Rahman et al. (2012) also showed that an inter-
mediate feed size (with a dgg of 150 pm) resulted in
improved recoveries of the finest three particle sizes
(10 pm, 36 pm and 64 pm).

Both Vieira and Peres (2007) and Rahman et al.
(2012) used single species systems in their flotation
experiments. On the other hand, Leistner et al.
(2017) investigated the effects of varying the parti-
cle size of both valuable and gangue minerals on the
recovery using a laboratory scale flotation cell. Their
study used fine (10-50 pm) and ultrafine (<10pm)
magnetite as the valuable material, in the presence of
fine and ultrafine quartz as the gangue material. The
results showed that the presence of fine quartz parti-
cles increased the recovery of both sizes of magnetite,
whilst the presence of ultra fine quartz reduced the
recovery of the magnetite. This indicates that the
size of the gangue particles has a strong effect on the
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recovery of the valuable ones. Ran et al. (2019) also
performed experiments using a multi-species mineral
system. These flotation experiments investigated the
effect of particle size on flotation performance for
the separation of copper, gold and lead. This study
showed that the most favourable size fraction for
improving the recovery was an intermediate size of
—744-59 pm.

As well as understanding the effect of particle size
on recovery, it is also important to understand the
effect that different particle sizes have on froth sta-
bility. There have been several different bodies of
work on this topic(Johansson and Pugh, 1992; Ip
et al., 1999; Aktas et al., 2008; McFadzean et al.,
2016; Norori-Mccormac et al., 2017; Mackay et al.,
2018), yet the results are not conclusive. The ma-
jority of the work measures the dynamic froth stabil-
ity in non-overflowing laboratory scale columns. Jo-
hansson and Pugh (1992) showed that whether or
not fine particles will destabilise the froth depends
on the hydrophobicity of the particles. They varied
the contact angles of the particles in the feed and
measured the resulting dynamic froth stability. The
results showed that at low contact angles (< 40°), fine
particles (26-44 pm) had little effect on the stability,
intermediate angles (~ 65°) gave the best stability
whilst higher angles (> 80°) destabilised the froth.
Ip et al. (1999) measured the dynamic froth stability
in a column with different particle sizes (from 45-
130 pm) of a synthetic feed, consisting only of silica.
They showed that, in general, smaller mean parti-
cle sizes led to higher froth stabilities. However, this
was not a perfectly linear relationship; instead, there
was a plateau at the intermediate particle sizes. Ak-
tas et al. (2008) varied the particle size (dso between
28 ym and 75 pm) of a platinum group metal (PGM)
ore in a froth stability column and showed a linear re-
lationship where smaller feed sizes resulted in higher
froth stabilities. A similar, inversely proportional re-
lationship was presented by McFadzean et al. (2016),
also using a synthetic ore (dsp between 15pum and
212m) in addition to several PGM ores (dsp be-
tween 30 pum and 70 pum); the relationship obtained,
however, was a power law rather than simply linear.

Unlike most of these studies, Norori-Mccormac
et al. (2017) investigated the effects of particle size in

a laboratory scale, continuously overflowing, mechan-
ical flotation cell and used air recovery as the measure
of froth stability (Moys, 1984). These results showed
that the relationship between particle size and froth
stability is not a simple one, but there is also a depen-
dence on the superficial gas velocity in the system. At
high superficial gas velocities the relationship is the
same as those seen in Aktas et al. (2008) and Mc-
Fadzean et al. (2016) in that smaller feed sizes result
in an improved froth stability. However, at lower su-
perficial gas velocities there is an intermediate feed
size that results in the optimal stability. Most re-
cently, Mackay et al. (2018) investigated the effects
of varying the particle size on dynamic froth stabil-
ity in a laboratory scale column for a copper tailings
ore. These results showed that there were two sta-
bility regimes: the first was at finer particle sizes,
where the relationship is the same as seen in other
work, while at coarser particle sizes (dgg greater than
170 num) there was an optimal particle size for im-
proved froth stability at dgp of 220 pm. This was
found to be the case for a range of superficial gas
velocities that are similar to industrial values. It is
important to point out that the majority of these
studies are conducted using synthetic ores or in non-
overflowing columns which are not necessarily repre-
sentative of industrial flotation.

1.2. Bench scale flotation cells

Due to the complexities involved with carrying out
experiments in an industrial setting, a vast amount
of flotation research is done at the laboratory scale.
The majority of laboratory scale testing, for mechan-
ically stirred flotation, uses batch tests, e.g. tests
conducted in a Denver cell (Wills and Finch, 2015).
Batch tests are relatively simple to conduct and are
often used due to their suitability for optimising flota-
tion chemistry. However, these cells are limited in
their usefulness to study other aspects of flotation
performance since they cannot be operated at steady
state. A continuous, bench-scale, flotation cell was
developed by Norori-Mccormac et al. (2017) and was
shown to operate in a manner similar to industrial
flotation cells. In this cell, the overflowing concen-
trate is pumped back into the pulp phase allowing
steady state to be achieved and maintained for over
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an hour. This is extremely beneficial to laboratory
research as it provides a better comparison to indus-
trial flotation froth behaviour than batch testing.

In order to relate experiments to industrial pro-
cesses it is important to be able to quantify the
flotation performance. There are various different
metrics commonly used to do this, with concentrate
grade and recovery being the most ubiquitous. An-
other valuable performance indicator is froth stability
(Neethling and Brito-Parada, 2018). There are sev-
eral different measures of stability depending on the
type of system being investigated. When consider-
ing a continuous system, air recovery, or the fraction
of air entering the cell that over flows the lip, has
been shown to be a robust measure. It is defined in
equation 1:

_ Qout o vrhw (1)

Qin an ’
where « is the air recovery, Qo is the air overflowing
the cell in bubbles and not lost due to bursting, Q;, is
the flow rate of air into the cell, v; is the overflowing
froth velocity, h is the height of the overflowing froth
over the cell lip, and w is the length of the lip of the
cell. Equation 1 considers that flotation froths are
very dry, particularly at the top of the froth where
liquid fractions are very low. It is important to note
that the relationship between air recovery and air
rate is non linear. Hadler and Cilliers (2009) estab-
lished that, when increasing the air rate, a peak in air
recovery (PAR) can be seen, which is due to a trade-
off between froth stability and mobility. Hadler et al.
(2010) demonstrated that, at industrial scale, chang-
ing the air flowrate into a flotation cell to the PAR
resulted in an increased mineral recovery with only a
small drop in the grade of the concentrate.

a

This work uses the continuously overflowing flota-
tion cell first used by Norori-Mccormac et al. (2017)
to investigate particle size effects on froth stability,
using a copper tailings ore and thus allowing a closer
comparison of the cell to industrial systems. It also
makes it possible to understand better the relation-
ships between different operating parameters, in par-
ticular the particle size of the feed and the super-
ficial gas velocity, and froth stability for a copper
tailings ore. In addition, this work expands on that
done by Mackay et al. (2018) by using the same ore,

from the same batch, but in a continuously over-
flowing system measuring air recovery as opposed to
a non-overflowing column measuring dynamic froth
stability. This allows a direct comparison between
two different measures of stability. The results from
Mackay et al. (2018) indicated that there were two
stability regimes, one that follows the trends seen by
other authors and a second that shows and optimum
feed particle size for an improvement in froth sta-
bility and flotation performance. This paper focuses
on this second region, with dgy >150pm, in order to
investigate this trend further. This will have strong
implications for furthering our understanding of the
relationship between particle size, froth stability and
flotation performance in order to improve the effi-
ciency of tailings reprocessing by froth flotation.

2 Materials and Methods

2.1. Materials

The samples used in this study were obtained from
a Chilean processing plant that reprocesses both his-
toric and fresh copper tailings with copper grades of
0.27 % and 0.12 %, respectively. Due to the nature
of tailings, approximately 50 % of the material en-
tering the plant is less than 10pm. The plant uses
a primary hydrocyclone to split the material for pro-
cessing. The hydrocyclone overflow stream has a dgg
of 63.7pm and the underflow stream has a dgg of
279 pm. The underflow stream is then processed via
flotation. Samples were obtained from the underflow
and overflow streams of the primary hydrocyclone, as
slurry, and then dried, resulting in two samples with
different particle size distributions. This allowed the
two samples to be combined in different ratios to pro-
duce the three different particle size distributions in-
vestigated in this work (table 1 and figure 1). The
samples used for these experiments were obtained
from the same batch that was used in Mackay et al.
(2018) and the particle sizes were chosen in order to
further investigate the local maximum in froth stabil-
ity presented by Mackay et al. (2018). These particle
size distributions were determined using a Malvern
Mastersizer 3000e particle analyser. The Mastersizer
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uses laser diffraction and applies the Mie theory of
light scattering. The copper content of the different
was determined by atomic absorption as described in
section 2.3 and is presented in table 1.

Table 1: Particle size distributions and copper content for the
three different feeds used.

dio, dso, dgo, | Cu,

Feed | [pm] [pm  [pm] | [%]
A 2.6 23.0 179.3 | 0.27
B 2.9 30.2 219.1 | 0.27
C 3.3 471 2534 | 0.32
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Figure 1: Cumulative size distributions of the four different
feeds used.

The mineralogy of the feeds used in this study was
analysed by QEMSCAN (quantitative evaluation of
minerals by scanning electron microscopy). A QEM-
SCAN E430 in bulk mineralogical analysis measure-
ment mode was used with a measurement time of 2.5
hrs and an acceleration voltage of 20kV. The soft-
ware used were iMeasure v.4.3 for data acquisition
and iDiscover v.4.3 for data processing. The QEM-
SCAN was calibrated using Quartz, Copper and Gold
standards, with preset values of 44, 130 and 232 re-
spectively.

The reagent environment used for these experi-
ments was developed by Molina et al. (2016) and
is the same as was used in Mackay et al. (2018).
The collector used was Sodium Isopropyl Xanthate at
50gt~! and the frother was DowFroth 400 (supplied
by Nasaco Ltd.) at 20gt~!. Lime, CaO (supplied by
Arcos Organics), was used to ensure a constant pH
of 9 across all experiments.

2.2. Continuously overflowing flotation cell

The experimental system used in this work is a four
litre continuously overflowing flotation cell (shown
in figure 2) developed by and described in Norori-
Mccormac et al. (2017). The overflowing concentrate
is pumped back into the cell allowing for continu-
ous operation and for steady state conditions to be
achieved.

180
Air Reservoir \
I /AR 4

AT Talet
270

the

(a) Schematic of the flotation (b) Photograph of
cell flotation cell

Figure 2: Details of the design of the continuously overflowing
flotation cell. The concentrate is pumped from the launder
back into the pulp zone of the cell. Measurements given in the
schematic in (a) are in millimetres.

For each experiment, 900 g of copper tailings ore,
with one of the three different size distributions in
table 1, were combined with 2.9L of deionised wa-
ter to form the slurry. The slurry was then added
to the cell along with the frother and collector and
was then agitated, at 950rpm, to condition for 15
minutes. This was the same process as was used
by Norori-Mccormac et al. (2017). Four different su-
perficial gas velocities (.J;) were used across the ex-
periments, 0.92cms™!, 1.05cms™ !, 1.18cms™! and
1.31cms™!. These values of J, are similar to those
used industrially (Mesa and Brito-Parada, 2019) as
well as those used in Mackay et al. (2018).

For each experiment, 6 different conditions were
run; conditions included each of the four superficial
gas velocities, with two of them repeated. The or-
der in which the conditions were performed was ran-
domised. Each condition was run for 15 minutes,
which was made up of 5 minutes without measure-
ment to enable steady state to be achieved, and 10
minutes of measurement time. An on-line laser (ifm
electronics, 01D300) was used to measure the over-
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flowing froth height via LabVIEW. A web camera
(Logitech, C525) was combined with FrothTracker,
an in-house, block matching, image analysis program,
and used to measure the overflowing froth velocity.
The measured values of overflowing froth height and
velocity allowed air recovery to be calculated using
equation 1.

2.8. Sample Analysis

Froth samples for each condition were collected us-
ing a 3D printed scoop that was inserted into the
launder of the cell for 10 seconds. They were then
weighed and dried in order to calculate the solids
content of the concentrate and the solids flowrate to
the concentrate. The samples were then analysed for
copper content (Wheal Jane Laboratories, Cornwall,
UK). The samples were first prepared by hydrochlo-
ric acid attack and then the copper content analysed
using a Thermo Fisher Scientific iCE 3300 Atomic
Absorption Spectrometer.

Due to the fact that the concentrate is recycled
back into the pulp of the cell, effectively acting as
the feed stream, there is no tailings stream in this
cell. Copper recovery was therefore not calculated in
the traditional way, instead the copper grade of the
concentrate and the solids flowrate over the lip of the
cell were used to calculate the copper recovery per
minute. This can be done using equation 2,

Selte 2)

FHAf
where G, F' and M represent the grade, flowrate and
mass, while the subscripts ¢ and f correspond to the
concentrate and feed streams. The mass of the feed
is used as the mass of solids used in the experiments

(900g) and the flowrate to the concentrate is mea-
sured in grams per minute.

Recovery =

3 Results & Discussion

3.1. Sample Characterisation

The detailed mineralogy of each of the different
feeds can be seen in figure 3. The mineralogy shows

that, in general, there is no large difference in the
mineralogy of the different feeds used. The libera-
tion by size of the chalcopyrite, for particles greater
than 75 pm and less than 75um, is shown figure 4.
For all three feeds, the majority of the chalcopyrite
has a liberation of lower than 50% and this poorly
liberated chalcopyrite is mostly over 75 pm. Feeds A
and B contain no chalcopyrite that is more than 50%
liberated and over 75 pm, whereas feed C' contains a
large proportion of chalcopyrite that fits into this cat-
egory. The chalcopyrite in feeds B and C' is better
liberated than feed A, with a higher proportion of

the chalcopyrite being over 50% liberated.
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Figure 3: Mineral composition of the different feeds, from the
QEMSCAN analysis, split into (a) minerals that comprise more
than 5% of the feed and (b) minerals that are less than 2.5%
of the feed.

8.2. Froth Stability

In order to verify that the changes in air recovery
are caused by changes in operating conditions and
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Figure 4: Chalcopyrite liberation by size from QEMSCAN

analysis of the three different feeds.

not by changes in the system with time, tests were
run for an hour and a half to ensure the operation
remained at steady state. Figure 5 shows the moving
average of the air recovery over 90 minutes for an ex-
periment at a J; =0.92 cm s~!. The data was divided
into six, 15 minute windows and the data in the last
10 minutes of each window were averaged (the data
in the light grey vertical bands) to analyse the change
in air recovery over time. The average value for each
of these 10 minute windows is presented in figure 5,
with black dots and error bars representing a 95%
confidence interval. The overall 95% confidence in-
terval is presented in figure 5 with a horizontal dark
grey band.
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Figure 5: The variation in air recovery over time at a constant
condition, with 10 minute measurement windows highlighted
by light grey vertical bands and a confidence band for the aver-
age value of air recovery represented by the dark grey horizontal
band. Error bars represent a 95% confidence interval.

A heat map of the air recovery data for varying
feed size distributions and superficial gas velocities
can be seen in figure 6. When investigating the effects
of varying superficial gas velocity for a constant feed

size (the rows of the heat map) only feed A displays
a peak in air recovery which is at a superficial gas
velocity of 1.18cms™!. At coarser feeds, there is no
peak in air recovery. Figure 6 shows that varying
the particle size distribution of the feed for a given
superficial gas velocity (the columns of the heat map)
has a stronger effect on the air recovery; feeds B and
C result in higher air recoveries for all superficial gas
velocities investigated.
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Figure 6: Heat map of air recovery for different feed dgos and
superficial gas velocities.
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Figure 7: The variation in air recoveries with varying feed size
at different superficial gas velocity. Error bars are one standard
deviation.

For a better understanding of the relationship be-
tween feed size and air recovery, the data are pre-
sented in more detail in figure 7. The air recovery
with varying feed size is plotted for each superficial
gas velocity with error bars as one standard devia-
tion. An ANOVA test was performed on these data
(table 2), which shows that only changing the feed
size had a statistically significant effect on the air re-
covery. This indicates that, regardless of the super-
ficial gas velocity used, there is a clear improvement
in froth stability at coarser feed sizes, with dgy be-
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Table 2: ANOVA table of air recovery with particle size distribution.

Sum of Degrees of Mean of
Source Squares  Freedom  Squares F-Stat p-Value
Feed Size 3329.7 2 1664.85  10.79  0.0103
Superficial Gas Velocity — 436.05 3 145.35 0.94 0.4772
Interaction 222.77 6 37.13 0.24 0.9466
Error 926 6 154.33
Total 5495.59 17

tween 220 pm and 260 pm. These data also correlate
well with the relationships shown in the experiments
performed by Norori-Mccormac et al. (2017) at the
lower two superficial gas velocities they investigated,
and the relationship shown by Mackay et al. (2018).

The experiments in this study were conducted us-
ing the same batch of ore as was used by Mackay et al.
(2018), allowing a direct comparison between the two
measures of froth stability, i.e. dynamic froth stabil-
ity and air recovery, to be made. Figure 8 shows the
two data sets plotted together, with dynamic froth
stability on the left hand axis and air recovery on
the right hand axis. Both data sets show high froth
stabilities at approximately the same feed size, dgg
of ~220pm. The air recovery data, however, does
not have a clear maximum value. It is likely that
a maximum occurs at a feed particle size distribu-
tion between B and C' corresponding directly with
the peak in dynamic froth stability.
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Figure 8: Comparison of dynamic froth stability (diamonds
and left hand axis) and air recovery (triangles and right hand
axis) for the same batch of copper tailings ore. Error bars are
one standard deviation.

3.3. Flotation performance

Whilst the feeds B and C were shown to result
in the highest froth stability, it is important to un-
derstand how this trend is reflected in the flotation
performance. One of the benefits of running exper-
iments in the continuously overflowing cell, is that
the air recovery can be measured while, at the same
time, samples of the overflowing froth can be taken
to determine flotation performance. The copper con-
tent of the feed and concentrate samples was anal-
ysed to determine grade and recovery. This was only
done for experiments with superficial gas velocities of
0.92cms™ ! and 1.18 cms™ 1.

Figure 9 shows the copper grade of the concen-
trate from experiments with a superficial gas veloc-
ity of 0.92cms™! and 1.18cms™!. It is observed
that the grade decreases as superficial gas velocity
increases. The analysis of variance results in table 3
show that this change is significant. This behaviour
is expected, as higher superficial gas velocities will
result in higher entrainment factors and therefore a
reduced grade (Neethling and Cilliers, 2009). The
analysis also shows that there is no statistically sig-
nificant difference in the concentrate grade with dif-
ferent feed sizes.
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Figure 9: Concentrate grade for samples taken at 0.92cms™!

and 1.18 cms™!. Error bars are 1 standard deviation.

Figure 10 shows that the copper recovery is higher
for the higher superficial gas velocity, which is often
associated with an increase in mass pull. Feed B,
which showed an improvement in air recovery, also
has the best copper recovery at both superficial gas
velocities. The analysis of variance in table 4 shows
that both the feed size and the superficial gas velocity
had a significant effect on the copper recovery. This
is in line with the experimental results presented in
Mackay et al. (2018), which showed that the feed with
a similar particle size distribution to B, and which
yielded a local peak in dynamic froth stability, corre-
sponded to an improvement in copper recovery. Feed
C, with a similar air recovery value to feed B, shows
a decrease in flotation performance, despite the fact
that they also have similar mineralogical composi-
tion. This indicates that the particle size distribution
of feed B is optimal for an improvement in flotation
performance.
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Figure 10: Copper recovery to the concentrate for samples
taken at 0.92cms™! and 1.18cms™!. Error bars are 1 stan-
dard deviation.

8.4. Implications for reprocessing mine tailings via
froth flotation

The samples of copper tailings used in this study
were obtained from a plant currently reprocessing his-
toric and fresh tailings material from a mine in Chile.
The plant uses a primary hydrocyclone to split the
material before processing. The underflow from the
hydrocyclone, with a dgg of 279 pm, is then processed
via froth flotation.

The findings from section 3.3 indicate that the size
distribution of the material currently being sent to
flotation in this plant is not optimal. Instead, al-
tering the cutsize of the hydrocyclone to produce a
feed particle size distribution with a dgg of approx-
imately 220 pm would result in improved copper re-
covery from the tailings material. Altering the par-
ticle size distribution of the feed to the flotation cir-
cuit would also reduce the amount of material sent
to final tailings, therefore reducing the environmental
impacts from mine waste.

Previous work by other authors (Ip et al., 1999;
Norori-Mccormac et al., 2017) has shown that the
relationship between particle size and froth stability
is not a simple one. The work in this paper com-
pounds that fact, clearly showing that there can be
an optimal particle size distribution for froth stability
that correlates to an improvement in flotation per-
formance. Evidence suggests that this behaviour is
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Table 3: ANOVA table of concentrate grade with particle size distribution and superficial gas velocity.

Sum of Degrees of Mean of
Source Squares  Freedom  Squares F-Stat p-Value
Feed Size 0.01911 2 0.00955 2.29 0.1438
Superficial Gas Velocity 0.27563 1 0.27563  66.05 0
Interaction 0.00455 2 0.00227 0.55 0.5934
Error 0.05007 12 0.00417
Total 0.39589 17

Table 4: ANOVA table of copper recovery with particle size distribution and superficial gas velocity.

Sum of Degrees of Mean of
Source Squares  Freedom  Squares [F-Stat p-Value
Feed Size 301.12 2 150.56 5.43 0.021
Superficial Gas Velocity  197.59 1 197.59 7.12 0.0205
Interaction 29.456 2 14.728 0.53 0.6013
Error 332.904 12 27.742
Total 881.861 17

exhibited by a variety of particle systems. It would
therefore be wise for a tailings reprocessing plant to
conduct simple froth stability tests to determine the
optimal particle size distribution to improve recovery.

4 Conclusions

This study has investigated the effects of particle
size, at a range of superficial gas velocities, on the
froth stability and flotation performance of a copper
tailings ore. These experiments were performed us-
ing a continuously overflowing bench scale flotation
cell which is more representative of industrial sys-
tems than cells used for traditional batch tests. This
cell had previously only been used to investigate ef-
fects with a single species, idealised system. In this
study the cell was used to investigate a complex cop-
per tailings ore, and was shown to be able to operate
at steady state for an extended period of time.

The experiments in this study have enabled us
to further investigate the operating conditions that
yielded a local peak in dynamic froth stability pre-
viously shown in Mackay et al. (2018). For the first
time, there has been a direct comparison between two
different measures of froth stability: dynamic froth

stability and air recovery. The results have shown
that, for the same tailings ore, the feed particle size
distribution that resulted in a local maximum in dy-
namic froth stability also yielded a maximum in air
recovery. This helps to compound the fact that it is
not simply a fine particle size distribution that im-
proves froth stability, but that an intermediate distri-
bution can result in the optimal froth stability. This
effect was observed at multiple superficial gas veloc-
ities.

Flotation performance was also investigated. We
show that the particle size distribution which yielded
the optimal froth stability, both in terms of air re-
covery and dynamic froth stability, resulted in the
highest copper recoveries. In the case of the pro-
cessing plant from where the samples in this study
were obtained, altering the particle size distribu-
tion of the material sent to flotation, to the optimal
shown in this work, would not only translate into im-
proved flotation performance but would also reduce
the amount of material sent to final tailings.

The findings in this work have strong implications
for the reprocessing of mineral resources from tail-
ings, suggesting that froth stability tests to find the
optimal particle size distribution should be carried
out before reprocessing tailings by froth flotation.
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This will allow for enhanced mineral recoveries to be
achieved, thus contributing to a more efficient use of
resources and the reduction of environmental impacts
associated to mineral tailings. Future work will be
carried out using the continuously overflowing bench
scale cell to investigate a greater number of particle
size distributions and a wider range of tailings mate-
rial. This would further improve our understanding
of how the relationship between particle size distri-
bution and froth stability change with variations in
mineralogy.
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Appendix B

Analysis of variance results from the

experiments with the two-species

system in chapter 5.

The following sections contain ANOVA tables for the different variables calculated from

the two-species experiments in chapter 5. Highlighted values indicate those that are sta-

tistically significant with a threshold p-Value of 0.05.

B.1 Flotation Performance

Table B.1: Silica Recovery

Source Sum Of Degrees of Mean of FStat p-Value
Squares Freedom Squares
Superficial Gas Velocity ~ 0.54 3 0.27 60.6  6.49 x 10~8
Design Modification 1.02 2 0.51 115  7.83 x 10~ 10
Interaction 0.13 4 0.03 7.44 0.002
Error 0.07 15 0.004
Total 1.83 23
Table B.2: Silica Grade
Source Sum Of Degrees of Mean of FStat p-Value
Squares Freedom Squares
Superficial Gas Velocity ~ 99.9 2 49.9 62.4 5.37x10°°
Interaction 18.3 4 4.57 5.70 0.005
Error 12.0 15 0.80
Total 206 23
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B.1.1 Entrainment

Table B.3: Water Flowrate

Sum Of Degrees of Mean of

Source Squares Freedom  Squares F-Stat p-Value
Superficial Gas Velocity 809 2 404 158 8.25 x 10~
Design Modification 2560 2 1280 501 1.85x 10~
Interaction 18.6 4 4.66 1.82 0.177
Error 38.3 15 2.55
Total 3760 23

Table B.4: Magnetite Flowrate

Sum Of Degrees of Mean of

Source Squares Freedom  Squares F-Stat  p-Value
Superficial Gas Velocity =~ 18.9 2 9.45 228 5.94 x 10712
Design Modification 18.2 2 9.11 220  7.75 x 10712
Interaction 0.74 4 0.19 4.47 0.014
Error 0.62 15 0.041
Total 41.5 23

Table B.5: Entrainment Factor

Sum Of Degrees of Mean of

Source Squares Freedom Squares F-Stat - p-Value
Superficial Gas Velocity ~ 0.05 2 0.02 49.8 238 x10° "
Design Modification 0.49 2 0.25 512 1.56 x 10~
Interaction 0.01 4 0.002 4.09 0.019
Error 0.01 15 4.82 x 1074

Total 0.61 23
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B.2 Particle Size

Table B.6: Flowrate of < 10 um particles

Sum Of Degrees of Mean of

Source Squares Freedom Squares F-Stat - p-Value
Superficial Gas Velocity — 2.48 2 1.24 842 3.93 x10°1'6
Design Modification 2.78 2 1.39 9340 1.74 x 10716
Interaction 0.12 4 0.029 19.7 791 x10°°
Error 0.02 15 0.002
Total 5.82 23

Table B.7: Flowrate of > 80um particles

Sum Of Degrees of = Mean of

Source Squares  Freedom Squares F-Stat  p-Value
Superficial Gas Velocity ~ 0.03 2 0.01 12.8 2.82x 1077
Design Modification 0.29 2 0.02 15.5 2.26 x 10~*
Interaction 0.01 4 0.003 2.72 0.069
Error 0.01 15 9.69 x 10~*

Total 0.08 23




Appendix C

PEPT tracer locations

This appendix contains plots of the change of tracer height throughout the cell over time
for all tracers used in chapters 6 & 7. The black dashed lines represent the height of the
plane of the impeller, the dashed pink lines represent the height of the lip of the cell. The

yellow solid lines represent the location of the mesh within the cell.
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Figure C.1: Tracer height over time for tracers in the unmodified cell.
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Figure C.2: Tracer height over time for tracers with the basic mesh inserted into the cell.
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Figure C.3: Tracer height over time for tracers with the blocked mesh inserted into the
cell.
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Figure Replication Permissions
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