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Synopsis

Flotation systems are complex, multifaceted and water-intensive. Prevalent water restrictions globally
have made it a necessity for mining operations to recycle onsite process water. This recycling leads to
increased ionic strength and may introduce deleterious ions dissolved in solution which affect reagent
action, mineral surface properties and pulp chemistry. This may change the water quality over time and
may in turn impact plant performance. The depletion of high-grade ore deposits has posed the mining
industry with the challenge of processing much more complex, low-grade ores to meet the growing
demand of metal production for our technologically driven future. A fundamental understanding of
mineral processing is therefore critical for the optimisation of valuable mineral recoveries from such
ores. The mineralogy of an ore determines its flotation performance and is thus important to consider.
Although evidently critical, ore feed and water quality are in most cases not controlled, therefore rarely
investigated. This study seeks to understand the impact of varying ore feed grade(s) on froth stability,
gangue recovery and flotation performance using different water qualities. lonic strength of plant water
is defined as water quality in this study.

As a means to better understand the impact of varying ore feed grade and water quality, this study
considered two synthetic ores; pyrite-based and galena-based synthetic ores. Pyrite and galena were
chosen because theyare widely studied in the flotation of sulphide ores. Each synthetic orewas analysed
in isolation using the same experimental approach to better understand the behaviour(s) of pyrite and
galena-based ores with varying feed grades and in a complex water matrix that mimics onsite process
water. The experimental approach consisted of batch flotation and froth column tests. Talc, a froth
stabilising mineral, was maintained as a constant throughout. The batch flotation tests were carried out
to evaluate the effect of varying ore feed grade, water quality and depressant dosage on the overall
flotation performance. Froth column tests showed how froth stability, as measured by the froth height
and dynamic froth stability, was affected by the changes in ore feed sulphide grade and ionic strength
of plant water. In addition, the 3-phase column findings were used to validate the froth stability results
obtained from the batch flotation tests.

To better understand the effects of depleting ore feed grades and water recycling in flotation, three
different ore feed sulphide grades, namely 3, 6 and 12% were considered with a polysaccharide
depressant, carboxymethyl cellulose (CMC) atdosages of 0, 100 and 500 g/t, in acomplex water matrix
consisting of two synthetic plant water types, 3SPW and 10SPW. The simultaneous effects of these
variables on solids and water recovery, concentrate iron (Fe) and lead (Pb) grades, froth stability, as
well as total gangue recovery in the flotation of the sulphide bearing synthetic ores were investigated.

The findings of the pyrite-based synthetic ore showed that the amount of solids and water reporting to
the concentrate increased with pyrite feed grade atall depressant dosages and ionicstrength of synthetic
plant water types. Higher ionic strength of plant water led to higher solids and water recoveries at all
depressant dosages and pyrite feed grades, indicating an increase in froth stability owing to a reduction
in bubble size and the inhibition of bubble coalescence at high ionic strength of plant water. The 2-
phase column findings complemented literature studies and showed that foam height and foam stability
increased with the ionic strength of plant water, indicating an enhancement in foam stability by the
increased amount of inorganic electrolytes dissolved in the aqueous solution. The 3-phase column
findings showed that increasing the ionic strength of synthetic plant water from 3SPW to 10SPW led to
an increase in froth height and froth stability at all pyrite feed grades. Furthermore, a simultaneous
increase in pyrite feed grade and ionic strength of plant water led to an increase in froth height and froth
stability, thereby complementing the froth stability results obtained from batch flotation tests.
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The introduction of a depressant led to a decrease in the amount of solids and water reporting to the
concentrate at all ionic strengths of synthetic plant water and pyrite feed grades. Fe grades increased
with pyrite feed grade at all depressant dosages and ionic strength of synthetic plant water. Fe grades
also increased concurrently with depressant dosage at all pyrite feed grades and ionic strength of
synthetic plant water, with the highest Fe grade generally attained at 500 g/t CMC depressant dosage.
Increasing the ionic strength of synthetic plant water led to an increase in Fe grades with pyrite feed
grade at all depressant dosages. Furthermore, this work showed that simultaneously increasing pyrite
feed grade and ionic strength of synthetic plant water generally had no apparent effect on the Fe
recoveries; however, Fe grades increased at all depressant dosages.

Galena is a highly hydrophobic sulphide mineral and a major source of commercial lead. The findings
of the galena-based synthetic ore showed that the amount of solids reporting to the concentrate increased
with increasing galena feed grade at all depressant dosages and ionic strength of synthetic plant water
type, while the opposite was true with water recovery, i.e. the amount of water reporting to the
concentrate decreased with increasing galena feed grade at all depressant dosages and ionic strength of
synthetic plantwater. This decrease in water recovery with an increase in galenafeed grade was thought
to have been owing to the highly hydrophobic mineral component in the feed as the galenafeed grade
was increased. Solids and water recovery increased as the ionic strength of plant water was increased
at all galena feed grades and depressant dosages. The froth column findings showed that froth height
and froth stability increased as the ionic strength of plant water type was increased at all galena feed
grades. These findings complemented the batch flotation results by further showing that froth height
and dynamic froth stability decreased with an increase in galena feed grade at each ionic strength of
plant water type.

The introduction of a depressant to the galena system led to a decrease in solids and water reporting to
the concentrate at all galena feed grades and ionic strength of synthetic plant water types. Pb grades
increased with galena feed grade at all depressant dosagesand ionic strength of synthetic plant water
types. A concurrentincrease in Pb grades with depressant dosage was seen at all galena feed grades
and ionic strength of plantwater. Increasingthe ionic strength of syntheticplantwater led to an increase
in concentrate Pb grades with galena feed grade at all depressant dosages. Simultaneously increasing
the galena feed grade and ionic strength of synthetic plant water led to an increase in Pb grades atall
depressant dosages, however the Pb recoveries were generally unaffected.

This work has demonstrated the need to evaluate the depletion of ore feed sulphide grades in complex
water matrices and has shown a relationship between ore feed grade and flotation performance. The
knowledge contribution of this study may be key for the mining industry in the quest to addressing
environmental degradation and water scarcity issues. Mineral processing plants in which pyrite isanon-
valuable mineral may need to implement early mitigation strategies for managing the recovery of pyrite
in future as this work has shown there is a greater chance of recovering this mineral as the ores deplete
with time. This work has shown that there would still be a greater chance of recovering lead from ores
in which lead is the major commercial component mined even at lower feed grades, as such, this kind
of knowledge contribution may be a positive for Pb based mining operations. Furthermore, this work
has highlighted the use of synthetic ores as proxies for flotation performance under varying ionic
strengths of plant water; plant water of higherionic strengths showed no detrimental effect on flotation
performance. Although this may not necessarily represent real industrial conditions, knowledge
contributions from this study are a step in the right direction towards developing an understanding into
depletion of ore feed grades and degrading water quality on sulphides flotation performance. Findings
of this work should be considered for future work and by mineral processing plants which have
incorporated a closed-circuit water system in their operations.
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Nomenclature and Abbreviations

BMS Base metal sulphide

C1l first concentrate (with C2 being the second, C3 being the third, etc.)
CCC critical coalescence concentration
cm centimetres

CMC carboxymethyl cellulose
CMR Centre for Minerals Research
DO Dissolved oxygen

DOW200 DOW froth 200

DS Degree of substitution

DTC Dithiocarbonate

DTP Dithiophosphates

EC Electrical Conductivity
EDTA ethylene diamine tetraacetic acid
Eh pulp/redox potential

Fe Iron

g grams

g/mol grams per mole

g/t grams per ton

HG high grade

IS ionic strength

kg kilograms

L litres

L/mol.cm litres per mole per centimetres
L/min litres per minute

min minutes

mg/l milligrams per litres

mm millimetres

mL millilitres

NFG Naturally Floatable Gangue
uG2 Upper Group Chromite No.2
Pb lead

PGE platinum group element

PGM platinum group minerals

ppm parts per million
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rpm revolutions per minute

SDG Sustainable development goals
SIBX sodium isobutyl xanthate
SPW synthetic plant water

TDS total dissolved solids

UCT University of Cape Town

pum micrometres

wi. weight

XRD X-ray powder diffraction
XRF X-ray fluorescence
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Chapter 1. Introduction

1.1 Background

Mining is a key sector central to economic growth and future technological development. However, it
has a poor reputation with respect to past environmental degradation and water usage, owing to
irresponsible usage of water. This sector is complex, multifaceted and water-intensive, and cannot
operate without safe and continuous access to water, the majority of which is utilised by mineral
processing and dust suppression (Gunson et al., 2012, Northey et al., 2016). Stringent water restrictions
and regulations have made it a necessity for mines to find alternative sources of water that meet the
water demands required for operation, hence, recycling of onsite process water has become a norm for
many operations (Bester and Vermeulen, 2010, Mhlongo et al., 2018, Naicker et al., 2003). This
recycling changes the water quality over time and may compromise the flotation process; by affecting
the rate of mineral recovery, mineral pulp chemistry, froth stability and flotation performance.
Furthermore, the efficiency of the chemical reagents involved may also be affected (Bester and
Vermeulen, 2010). Thesechanges in water chemistry adds complexity to the flotation process and hence
a fundamental understanding of mineral processing is critical.

The depletion of high-feed grade ore deposits to more complex, low-grade ores has posed processing
challenges for mineral processing operations, owing to the growing demand to increase metal
production for our technologically driven future. The depletion of high feed grade ores further adds to
environmental degradation as it has forced mining operations to dig deeper into ore bodies in search of
valuable minerals. Ore feed grade is evidently critical in processing, however, itis in most cases not
controlled and hence rarely explored in literature. There is a need to understand the impact of depleting
ore feed grades not only for meeting metal production demands, but also for ensuring that alternative
processing methods are explored and considered, and that environmental degradation issues are
mitigated. A fundamental understanding of the impact of these depleting ore feed grades is a necessity
for mineral processing.

There are two primary stages in mineral processing, namely, comminution and separation (Craig et al.,
1981). Comminution is essential for achieving the desired liberation of valuable minerals from
unwanted gangue for effective separation. Flotation is the most common separation process. The
process utilizes the differences in surface properties of mineral particles to separate valuable minerals
from unwanted gangue (Wills and Finch, 2015). A considerable amount of continuous water input is
required for froth flotation, thus making water quality an important factor forachieving high process
performance and enrichment of valuable minerals (Cisternas and Galvez, 2018). Numerous physical
and chemical factors are involved in the recovery of valuable minerals during the flotation process. The
chemistry of the system can be manipulated to improve performance; however, the systemis limited by
the mineralogy of the incoming ore as well as the quality of the process water, which in most cases is
not controlled.

The mineralogy of an ore is one of the determining factors to its flotation performance. Knowledge of
an ore’s mineralogy is thus critical for mineral processing. An ore’s feed grade can be defined as the
concentration of valuable minerals within an ore body. This variable is important as it determines how
much valuable and non-valuable minerals can be recovered froman ore body. An understanding of the
effects this variable may have on the flotation process is thus critical and necessary to aid the mining
industry in addressing the challenge of depleting ores. Different ores bear different minerals and thus
behave differently in the presence of chemical reagents; this makes it difficult to isolate and quantify
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individual reagent interaction with minerals in the ore (Dzingai et al., 2020, Bradshaw and O'Connor,
1998). Although limited by surface liberation, a synthetic ore allows for the isolation of distinct mineral
behaviour and can be used to mimic a real ore. This study aims to investigate the impact of varying ore
feed sulphide grades on froth stability, total gangue recovery and flotation performance, under varying
water qualities.

1.2 Scope and Limitations

This study recognises that the depletion of high-feed grade ore deposits to more complex, low-grade
ores has posed a serious processing challenge for the mining industry and that there is limited or no
exploration of such a topic in literature. The study further recognises water scarcity as a global threat
and that this threat has brought about stringent water regulations and restrictions, such that mineral
processing operations are forced to recycle onsite process water in search of alternative sources of water.
As such, the study aimsto infer these challenges by investigating the impact of changing ore sulphide
feed gradesunder varyingwater qualitieson flotation performance. These two variables, ore feed grades
and water quality may be critical for mineral beneficiation, however, they are in most cases not
controlled or controllable and hence rarely investigated.

Although limited by liberation, a synthetic ore mimics a real ore and can thus be used as a proxy to
investigate complex topics such as the depletion of ore feed grades. Assuch, the study made use of two
synthetic ores, namely, pyrite-based and galena-based synthetic ores. The synthetic ores consisted of
fully liberated minerals and only two gangue mineral components; quartz and talc.

By carefully controlling the feed and water quality, the effects of varying ore feed grade on froth
stability, gangue recovery and flotation performance under varying water qualities, were investigated.
The flotation performance of the ores was evaluated by analysing solids and water recoveries, valuable
mineral recovery and concentrate grade. A non-continuous column was used to measure froth stability
using two proxies, maximum froth height and dynamic froth stability. These tests were used to validate
the froth stability results from batch flotation tests. Illustrated in Figure 1- 1 is a schematic
representation of the overall summary of the study’s scope.
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Figure 1- 1: Schematic representation of the overall summary of the study.
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Chapter 2. Literature Review

2.1 Froth Flotation

Flotation is a selective physico-chemical separation process which utilises the differencesin surface
properties of valuable minerals and unwanted gangue minerals (Wills and Finch, 2015). The process is
extensively used in mineral processing for separating minerals to concentrate them for economic
beneficiation. It was discovered in the 18" century and has become a vital process for the recovery of
sulphide minerals from sulphide ores (Tolley et al., 1996). Figure 2- 1 shows a simplified diagram of a
typical flotation cell. The froth flotation process consists of two distinct phases, namely, the pulp phase,
where mineral recovery occurs, and the froth phase, in which concentrated valuable minerals are
separated from the bulk (Goodall, 1993).

Suspended particles in the flotation pulp may report to the concentrate through three distinct
mechanisms, namely, true flotation, entrainment and entrapment (Laskowski and Woodburn, 1998,
Klimpel and Isherwood, 1991, Trahar, 1984b). True flotation is a selective process responsible for the
recovery of valuable hydrophobic minerals, while entrainment is a non-selective process, and together
with entrapment this mechanism is responsible for the collection of both valuable and unwanted
hydrophilic gangue reporting to the concentrate. Entrapment refers to hydrophilic gangue mineral
particles sandwiched within the hydrophobic mineral particles and transported to the mineral
concentrate.

Concentrate
) :
Launder
/
/
Feed ' 71 Hydrophobic minerals
—— o Hydrophilic minerals
o
Slurry ..
T .
s 3
-
(]
Impelier ‘ a9
(Rotor/Stator) ) 2
0% ol == — Tallings

Figure 2- 1: Schematic illustration a typical flotation cell (Wills and Finch, 2015).

2.1.1 Flotation Fundamentals

Froth flotation is a process which takes advantage of particle surface properties to selectively separate
hydrophobic from hydrophilic particles. The term hydrophaobic refers to particles which repel water,
such molecules are non-polar in nature. On the other hand, particles which have an affinity for water
are termed hydrophilic,andsuchmolecules are polar in nature. Minerals are classified as polarand non-
polar based ontheir surface properties (Wills and Finch, 2015, Wiese et al., 2008). Polar minerals are
bonded by strong covalent or ionic bonding at their surfaces and exhibit high free surface energies.
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Surface hydration for these minerals is rapid owing to their strong reaction with water molecules, and
hence these minerals are hydrophilic in nature.

Non-polar mineral molecules are bonded by weak Van der Waals forces. Surface hydration for these
minerals is difficult and hence such minerals are hydrophobic in nature. Talc, graphite, diamond, coal,
and sulphurare examples of naturally floatable minerals (NFG). Ores containing naturally hydrophobic
minerals usually require the addition of non-specific collectors to their mineral pulp to aid the floatable
fraction to be floatable (Fuerstenau, 1982b). On the other hand, ores containing hydrophilic mineral
species require surface modifiers to render them amenable to flotation.

2.1.1.1 Pulp Phase

There are three distinct mechanisms through which mineral recovery in the froth phase can occur,
namely, true flotation,entrainmentand entrapment (Willsand Finch,2015). True flotation is a selective
process responsible for the collection of valuable hydrophobic minerals into the concentrate grade.
Entrainment is a non-selective mechanical mass transfer process responsible for the recovery of both
valuable and unwanted gangue minerals reporting to the concentrate (WAng et al., 2015). Entrapment
occurs when particle aggregates physically trap other particles in between them, resulting in these
particles reporting to the froth phase (Yianatos et al., 1988). Entrainment and entrapment are thus
responsible for the collectionboth valuableand unwanted gangue minerals reporting to the concentrate.

2.1.1.2 Froth Phase

The role of the froth phase is to provide an environment to manage the separation of valuable mineral
particles from unwanted gangue and allow for the drainage of entrained material back into the flotation
pulp (Harris, 1982). The froth phase therefore containstwo types of particles; particles attached to the
bubble lamella, and unattached particles which unselectively move freely through the plateau borders
due to entrainment. To attain an optimum flotation performance, it is critical for flotation systems to
exhibit optimum froth stability (Wiese etal., 2011). Froth stability can be defined as the ability of air
bubbles to resist bursting or coalescence. When the froth is unstable, bubbles continuously break before
collection, owing to liquid drainage from entrained material back into the flotation pulp (Harris, 1982);
and when the froth is too stable, not enough liquid drainage occurs and as a result, high water and
gangue recoveriesare achieved. In the froth phase, valuable minerals are concentrated and separated
from the bulk to undergo further processing (Goodall, 1993).

2.1.2 Flotation Mechanisms

2.1.2.1 True Flotation

During the flotation process, generated air bubbles pass through the pulp phase and emerge into the
froth phase with a thin liquid film surrounding them. When there are at least three bubbles clustering, a
plateau border containing a liquid film forms, and when there is continuous clustering of bubbles,
polyhedra are typically formed (Ventura-Medinaand Cilliers, 2002). In the case of a two-phase system
(air and water), this is referred to as foam, while in the case of a three-phase system containing solid
particles, it is known as froth. True flotation is a selective process whereby hydrophobic particles
selectively attach to the air bubbles and are collected in the froth phase as concentrate. True flotation is
the dominantmechanism for the recovery of valuable hydrophobic minerals. This mechanism isdirectly
affected by chemical changes such the addition of a collector, depressant or frother to the flotation
system.
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2.1.2.2 Entrainment

Entrainment is a non-selective process responsible for the recovery of both valuable and unwanted
gangue mineral particles reporting to the concentrate. This process is a two-step process which occurs
when mineral particles from the flotation pulp entersthe froth phase. In the first step of the process,
suspended mineral particles are transported upwards to the froth phase, and in the second step, these
mineral particles are collected along with water in a concentrate launder (Wang et al., 2016). Only
particles smallerthan 45 pum are expected to be recovered by this mechanism (Wills and Napier-Munn,
2005, Smith and Warren, 1989). The amount of entrained material is related to the water recovered
(Boylu and Laskowski, 2007, Yang and Aldrich, 2006, Ekmekgi et al., 2003), drainage in the froth
phase, and the state of the suspended solid particles in the pulp phase.

Entrainmentis thus largely dependenton particlesize and particle density. Other major factors affecting
entrainment include, particle shape, froth structure and froth residence time (Savassi et al., 1998, Smith
and Warren, 1989). Entrainment is not directly affected by reagent addition or chemical changes, but
rather by the changes in froth stability brought upon by chemical changes (Wiese, 2009). Entrainment
is directly proportional to the amount of water recovered from the froth phase (Neethling and Cilliers,
2009, Zhengetal., 2006, Neethling and Cilliers, 2002, Engelbrecht and Woodbum, 1975). The non-
selective recovery of gangue minerals in the concentrate is one of the mechanisms responsible for the
reduction in concentrate grade (Wiese, 2009). The degree of entrainment or entrainability can be
measured using the recovery of the non-floating gangue (NFG) component in correlation to water, in
ratio terms (Savassi et al., 1998). Entrainability is a strong determining factor of the flotation separation
efficiency between valuable minerals and unwanted gangue minerals (Zheng et al., 2006).

Entrainment is a mechanical phenomenon (Wiese, 2009); it is not directly affected by changes in
physical properties, but rather by particle properties. Entrainment of gangue minerals is strongly related
to the amount of water recovered, which inturn is related to the froth behaviour (Neethling and Cilliers,
2009, Neethling and Cilliers, 2002). Entrainment of material is directly proportional to the amount of
water recovered from the froth phase (Zheng et al., 2006, Neethling and Cilliers, 2002, Engelbrecht and
Woodbum, 1975). The dominant mechanism for the recovery valuable minerals to the concentrate is
true flotation, however, the rising air bubbles may result in unwanted gangue mineral particles
unselectively reporting to the concentrate via entrainment. It is important to minimise the contribution
by entrainment and maximise on the recovery by true flotation. Since entrainment is proportional to
water recovery, reducing water recovery decreases entrainment and increases the valuable mineral
grade in the concentrate. The structure of the froth allows for drainage of water and thereby minimizes
entrainment.

2.1.3 Factors Affecting Flotation

Numerous factors affect the flotation process, both directly and indirectly. Froth flotation can be
affected by up to 25 clearly identifiable parameters, though over 100 variables can be used to fully
describe it (Crozier, 1992, Klimpel, 1984). Klimpel (1984) divided the major variables affecting
flotation systems into three interactive groups, namely, the operation components (e.g., temperature,
feed rate, mineralogy and particle size), the equipment components (e.g., air flow and
agitation/turbulence, cell design andsolids suspension), andthe chemistry components (e.g., collectors,
pH, mineral dissolution, activators, and depressants) as shown in Figure 2- 2 These variables determine
the kinetics or dynamic response associated with the flotation process (Xu, 2000). This study falls within
the chemistry and operation components, with primary variables of focus being ore feed gradeand ionic
strength of plant water.
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Figure 2- 2: A summary of the variables in the flotation system (Klimpel, 1984).

2.1.4 Flotation Kinetics

The froth flotation process occurs in time and is affected by various factors as outlined in Section 2.1.3.
Brozek and Mtynarczykowska (2006) noted that the value of the kinetic energy of a particle and the
bubble-particle collision are of random character. Collision is required for a particle to attach to a
bubble, and the kinetic energy involved in the attachment process needs to be high enough to overcome
the particle-bubble interaction barrier and low enough to ensure that this interaction is stable. Kinetic
models for the flotation process invoke the analogy of a chemical reactor and consider flotationas a
reaction between particles and bubbles. These models have been broadly based on the analogy of
homogenous chemical kinetics in which the concentration in a batch reactor follows the first order
differential equation (Equation 1);

d .
=2 = _k.C" Equation 1
dx

where C is the concentration of the valuable mineral, k is the flotation rate constant, n is the kinetic
order. When n =1, the first order differential equation is transformed into Equation 2 for the recovery
of a mineral as a function of time.

R = Rypax(1—e7kt) Equation 2

where R is the recovery of the mineral and a measure of the flotation performance, Ry.x (%) is the
maximum possible recovery of the mineral, given infinite time, kisthe firstorder flotation rate constant
(min?), and t is the flotation time (min).

According to Hernainz and Calero (2001), the flotation rate constant can be evaluated using first order,
second order or non-integral order equations. True flotation conditions do not consider particles
recovered by entrainment, and only consider overflowing particles which were successfully attached to
the bubbles in the froth phase, and thus collected into the concentrate launder.
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Equation 2 is the classical first-order kinetic expression for the flotation process and is sometimes
referred to as “the unique rate constant” model. This model describes the flotation kinetics of particles
which have homogenous surface properties (Brozek and Mlynarczykowska, 2006). The model is a
special case and does not account for the broad range of conditions in flotation systems ( e.g., particle
shapes and size distributions, surface property differences, bubble size distributions etc.) (Polat and
Chander, 2000). The classical first-order model assumes that at constant bubble concentration, the rate
of particle-bubble collision is first-order with respect to the number of particles (Polatand Chander,
2000). Furthermore, this model represents a single stage (in the froth phase) in batch flotation cells and
assumes 100% mineral recovery within the froth phase. This model is not the only flotation rate
distribution model that has been used to describe first-order batch flotation processes; other models
which have been extensively used include the rectangular model (Klimpel, 1980) and Gamma
distribution (Yianatosetal., 2010, Woodburn and Loveday, 1965). All these models keepa low number
of factors or parameters and have shown acceptable performance in their applications for describing
first order batch flotation process.

2.2 Flotation Reagents

Flotation reagents aid with facilitating hydrophaobicity between gangue and desired minerals (Bradshaw
and O'Connor, 1998). Reagents areaddedto a milled ore slurry to manipulate the physiochemical nature
of the minerals present, and therefore facilitate separation within the ore (Cho and Laskowski, 2002,
Melo and Laskowski, 2006). Their addition to an ore enhances the difference in surface properties
between minerals. A typical reagent suite consists of collectors, depressants, frothers and sometimes
activators (Davis etal., 1975, Wiese, 2009). It is essential to assess and evaluate reagent interactions
holistically, both in the pulp phase and froth phase, as in addition to their primary functions, reagents
may interact with one another (Bradshaw et al., 2005a).

Collectors imparthydrophobicity onvaluable minerals, depressants suppressthe floatability of naturally
floatable hydrophobic gangue minerals, such as talc, while frothers aid with bubble formation and froth
stabilisation. Activators are only added sometimes, and their role is to enhance the action of collectors.
Reagents are broadly classified into three types: collectors, frothers and depressants.

2.2.1 Collectors

Collectors are hetero-polar species added to impart hydrophobicity to the mineral surface and create a
link between air bubbles and mineral surfaces. These species consist of a polar reactive functional
group, and a non-polar hydrocarbon radical, through which bubble-particle attachment occurs, and thus
the mineral is rendered hydrophobic. The polar end of the collector is hydrophilic and is the portion
through which mineral attachment to the collector occurs. The key role of collectors in froth flotation
is to render the mineral hydrophobic. The mechanism of attachment for mineral-collector adsorption
may result in the collector being either chemisorbed or physisorbed, depending on the collector type
and mineral surface (Bradshaw, 1997). Physisorption is the adsorption through which electrostatic
forces and hydrophobic bonding are involved when collectors adsorb onto the surface minerals.
Chemisorptioninvolves valence forces and is the adsorptionthrough which the collector formscovalent
bonds with the metal ions on mineral surfaces.

Collectors may be classified into different sub-groups based on their functional groups and the mineral
to be collected. Thiols are the most commonly used group of collectors in the flotation of Platinum
Group Minerals (PGMs) and Base Metal Sulphides (BMSs) (Wang and Forssberg, 1991, Janetski et al.,
1977). Typical classes of thiol collectors include xanthates, dithiocarbonates (DTC) and
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dithiophosphates (DTP). These collectors adsorb onto sulphide mineral surfaces through chemical
adsorption (chemisorption), whereby there is substantial electron sharing between the adsorbent
(mineral’s surface) and the adsorbate (collector), resulting in the formation of an ionic or covalent bond,
and thus permanently changing the mineral’s surface chemistry. Fuerstenau (1982a) studied the
adsorption of collectors at mineral-water interfaces and showed that at low collector concentrations,
collector ions adsorb as individual ions on to the mineral’s surface, while at high collector
concentrations, collector ions associate into aggregates at the mineral-liquid interface.

2.2.1.1 Xanthates

Xanthates are oxidation products of sodium or potassium hydroxide, alcohol, and carbon disulphide.
They are classified as anionic sulfhydryl collectors (King, 1982, Wills and Napier-Munn, 2005).
Xanthate collectors are commonly utilised in the flotation of sulphide minerals because they are
inexpensive, very soluble andefficientin their mineral collectionrole (Wieseetal., 2005, Lovell, 1982).
Xanthates are non-frothing products, therefore they can be used in excess dosages without the danger
of excess frothing (Dhliwayo, 2005). They decompose in alkaline conditions and have a pH stability
range of 8 — 13 (Fuerstenau, 1982b). In acidic conditions, xanthate collectors tend to hydrolyse to form
a weak acid (Manono, 2012, Poling, 1976).

The adsorption mechanism of xanthate on sulphide mineral surface is considered to be an
electrochemical process involving the transfer of charge in chemisorption of xanthate, and oxidation of
xanthate to dixanthogen, coupled with oxidation reduction (Guoetal., 2014, Milleretal., 2002, Ralston,
1991, Haung and Miller, 1978). Figure 2- 3 shows structures of some of the most widely used xanthate
collectors in the flotation of sulphide minerals (Fuerstenau, 1982b). Xanthate collectors are known to
generally not adsorb onto surfaces of non-sulphide minerals. Sulphide minerals can display various
behaviours during flotation; the minerals can be oxidised to form hydrophilic sulfoxy species or
hydrophobic sulphur rich species on the mineral’s surface. The adsorption of xanthates on the surface
of minerals is rapid and can occur in a few minutes (Kuopanportti et al., 2000). Studies have shown that
collectors with longer alkyl-chain length have stronger induced hydrophobicity (Rao, 2013, Taguta et
al., 2017). However, as the alkyl-chain length of xanthates is increased, selectivity is reduced.

/\ D) \ SNa" \/\o) N SNa”

Sodium ethyl xanthate (SEX) Sodium normal propyl xanthate (SNPX)

N AN

Sodium isobutyl xanthate (SIBX) Potassium amyl xanthate (PAX)

Figure 2- 3: Four common xanthate collectors (Fuerstenau, 1982b).
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2.2.3 Frothers

Frothers are surface active reagents added to enhance the stability of the froth. Frothers encourage the
generation of small bubbles and prevent bubble coalescence such that a stable froth is formed and
selective drainage of unwanted gangue mineral particles from the froth phase occurs (Wills and Finch,
2015). Frothers decrease surface tension by preferentially adsorbing at the water-gas (air) interface
(Drzymata,2007). The surface tension of water is 72 mN/m at room temperature. The main role of a
frotherin froth flotationis to providea large air-water interfaceand ensure thatair bubbles remainintact
for long enough, such that valuable mineral particles are collected as concentrate and do not fall back
into the flotation pulp (Lovell,1982). Frothers are said to have a kinetic influence onthe flotationsystem
(Klimpeland Isherwood, 1991, Klimpel, 1984); they enhancethe flotation process by reducing the time
required for valuable minerals to attach to the air bubbles.

A frother molecule consists of hydrophilic (polar) and hydrophaobic (non-polar) components Figure 2-
4 illustrates the general structure of a frother as well as two common frothers used in mineral processing
operations (Finch et al., 2008).

a Hydrophobic part water air

Hydrophilic part

b MIBC Dowfroth 250

&

) )

(CHy),-CH,COHCH, [CH;-(CH,CH,CH,-0),-OH]

CH,-(PO),-OH

Figure 2- 4: (a) The general structure of a frother (based on alcohol) exhibiting mixed polarity and
orientation at the air-water interface. (b) Two common examples of frothers, a polyglycol and an
alcohol (Finch et al., 2008).

King (1982) noted that it is necessary for the flotation of sulphide ores to use reagents designed to
specifically produce froth. Polyglycol ethers are efficient frothers widely used in the flotation of
sulphide ores because of their strong froth stabilising effect, which aids with enhancing bubble-particle
attachment in the flotation process (Sweet et al., 1997). Finch etal. (2006) proposed that surfactants
controlthe air stream breakupatthe pointof injection; whenfrother molecules atthe air-water interface
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are closer together, they forma ‘bulge’, forcing a break away of a bubble which is smaller. Laskowski
etal. (2003) proposed that frothers act to reduce the tendency of bubble coalescence, and this tendency
of frothersto stabilise the froth by reducingbubble coalescenceandsize hasbeenbroadly studied (Corin
and Wiese, 2014, Castro et al., 2013, Kowalczuk, 2013, Laskowski et al., 2003).

2.2.4 Depressants

Depressants are added to the flotation system to prevent the flotation of NFG by adsorbing onto the
mineral surface and rendering the mineral hydrophilic (Steenberg and Harris, 1984, Shortridge etal.,
1999, Bradshaw et al., 2005a). Bradshaw et al. (2005a) suggested that depressants reduce the flotability
of naturally floatable gangue minerals such as talc. Depressants thus increase the selectivity of the
flotation system by preventing the flotation of unwanted gangue minerals.

Depressants can be classified into two groups, organic and inorganic. Organic depressants such as
polysaccharides, diethylenetriamine, polyacrylamides, modified lignosulfonate, etc, are natural, cheap,
biodegradable, environmentally friendly and more resistant to oxidation compared to inorganic
depressants (King, 1982). Inorganic depressants such as sodium dichromate, sodium cyanide and
sulphur dioxide, are not routinely used and less preferred over organic depressants, and this is mostly
due to their environmental intolerance.

Organic depressants can further be classified into three sub-groups, namely, polysaccharides,
polyglycol ethers, and polyphenols. Polysaccharides depressants such as carboxymethyl cellulose
(CMC) and guar gum (guar), are the most used industrial depressants in South Africa for the recovery
of PGMs (Wills and Finch, 2015). CMCs are anionic polymer molecules which have a linear structure
and high molecular weight, as shown in Figure 2- 5 (Burdukova, 2007). CMC is produced from the
etherification of cellulose; cellulose is a polysaccharide with a linear structure having basic unit 3 and
D-glucose monomers joined by C-1, 4 connections (Laskowski and Liu, 1999). CMC has a highly
negative charge density which under high ionic strength conditions can lead to adsorption and create
strongly dispersed pulps (Wiese etal., 2007). The molecular weight of CMC is typically in the ranges
of 10° — 106 g/mol (Shortridge et al., 1999).

ch%

Figure 2- 5: Structure of CMC molecule (http://www.isbu.ac.uk/water/hycmc ).

Generally, CMCs are classified based of three properties, namely, the active content, degree of
polymerisation (Molecular weight), and degree of substitution (DS). The DS refers to the extent to
which carboxyl groups replace hydroxyl groups. This substitution renders the CMC molecule
negatively charged in solution. CMCs can have a degree of substitution of up to 3, but the typical range
for commercial CMCs is around 0.5 — 1.5 (Laskowski et al., 2007). The DS for CMCs needs to be at
least 0.5 for sufficient solubility, or foritto be solublein polar solvents, such as water (Wiese, 2009,

11|Page


http://www.isbu.ac.uk/water/hycmc

Khraishehetal.,2005). Theactivecontentindicates CMC percentage by weightin a product. The active
contentof CMC usedin the flotation processes is approximately 70% and typically non-purified (Wiese,
2009). The negatively charged carboxyl groups in the structure of CMC are the key or main difference
between CMC and natural polysaccharides, and this negative charge may increase the selectivity of the
CMC toward mineral surfaces. Laskowskiand Liu (1999) reported that the carboxyl groupsofthe CMC
can interact with different forms of metallic species on minerals surfaces while the hydroxyl groups
interact only with metal hydroxyl species (Bicak etal., 2007, Laskowski and Liu, 1999). Bicak et al.
(2007) showed that CMC’s adsorption on pyrite can be influenced by solution pH; when the pH is
higher than 9, the adsorption density of CMC slightly decreases owingto the increased electrostatic
repulsion between negatively charged pyrite surfaces and CMC molecules. Furthermore, Bicak et al.
(2007) showedthatthe electrostatic forcesbetweenthe pyrite surfacesandthe negative CMC molecules
can be diminished by the addition of Ca?* cations, which in turn enhances CMC’s adsorption on the
mineral surfaces. High ionic strength solutions are said to cause coiling of the CMC polymer chains
and increase the amount of CMC adsorbed on the mineral surface (Bicak et al., 2007, Laskowski et al.,
2007).

Viscosity is defined as the resistance of a liquid to flow and is proportional to molecular weight. CMCs
have high molecular weight and therefore a high viscosity.

2.3 Key Determinants of Flotation Performance
2.3.1 Froth Stability

Froth stability, among other factors, plays a key role in determining the flotation performance of a
flotation system. The role of the froth phase in flotation systems is to provide an environment for
valuable mineral particles to be separated from unwanted gangue andallowfor the drainage of entrained
material back into the flotation pulp (Harris, 1982). To attain an optimum flotation performance, it is
critical for flotation systems to exhibit an optimum froth stability (Wiese etal.,2011). The froth is said
to be stable when the rate of the smaller bubbles entering the froth phase from the pulp is in equilibrium
with the rate of bubbles busting in the froth. Froth stability can thus be defined as the ability of air
bubbles to resist bursting or coalescence. Harris (1982) defined two types of froths, namely, unstable
and metastable or persistent froths. When the froth is unstable, bubbles continuously breakdown before
collection, owingto coalescenceand liquid drainage from entrained material back into the flotation pulp
(Harris, 1982), and when the froth is metastable or persistent, not enough liquid drainage occurs and
this results in high water and gangue recoveries. There are several factors which affect the stability of
the froth, andthe key factorsinclude, operational effects such as particlesize, shape and hydrophabicity,
and chemistry effects such as collectors, frothers and depressant addition (Subrahmanyam and
Forssberg, 1988, Klimpel, 1984).

During the flotation process, generated air bubbles pass through the pulp phase and emerge into the
froth phase with a thin liquid film surrounding them. When at least three bubbles cluster, a plateau
border containing a liquid film is formed, and when bubbles continuously cluster, polyhedral bubbles
are typically formed (Ventura-Medinaand Cilliers, 2002). When a bubble comes into contact with the
surface of a mineral’s particle, there is minimization of the total surface in pursuit of a stable
configuration (Hunter et al., 2008, Binks, 2002). Horozov (2008) noted that the liquid film within
plateau borders can be stabilised either by: the formation of a bilayer of hexagonally packed particles,
a bridging monolayer of particles, or by a network of particle aggregates in the film. Aveyardet al.
(1994) noted the key role that the contactangle playsin film raptureand froth stability; the film is stable
when the contact angle is less than the critical degree of wetting, however, when the contact angle is
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greater than the critical degree of wetting, particles can easily rupture the film by bridging through it as
illustrated in Figure 2- 6 (Aveyardet al., 1994). These findings showed that the bridging-dewetting
mechanisms of foam film rupture by solid particles can be used to explain the effects of particle
hydrophaobicity on froth stability (Aveyard etal., 1994, Denkov and Marinova, 2006, Frye and Berg,
1989, Garrett, 1980).

(a) Contact angle of surfactant solution (b) Contact angle of surfactant solution
with particle, 8 < 90 degrees with particle, @ > 90 degrees

Figure 2- 6: Particles bridging through an aqueous film (a) particles of intermediate hydrophobicity
(b) highly hydrophobic particles (Aveyard et al., 1994).

Particle properties such as particle hydrophobicity, shape and size are of great importance for bubble
particle attachment and significantly affect froth stability. These particle properties have substantial
effects on the overall flotation performance, which can be greater than the beneficial effects obtained
from the pulp phase (Aktasetal., 2008). Aktas et al. (2008) reported that particle property effects on
froth stability become more significant with increasing distance from the pulp-froth interface, whereby
the bubble films are thinner to allow for bridging to occur (Ata et al., 2003). Furthermore, particle
properties have more influence on froth stability than operational conditions (froth height, aeration rate
and gasdispersion) and chemistry effects. Achayeetal. (2021) investigated the effect of mineral particle
size of asynthetic pyrite-quartz ore on frothstability by makinguse of a bench-scale continuous column
cell; their findings showed that froth stability decreased with an increase in feed particle size.
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Furthermore, when transforming mineral particle size into surface area, their findings yielded a linear
relationship between froth stability and particle specific surface area (Achaye et al., 2021).

2.3.2 Particle Hydrophobicity

The hydrophobicity of mineral particles is one of the key particle parameters which affect flotation
performance (Prestidge and Ralston, 1996, Johansson and Pugh, 1992) and contact angle can be used
to estimate hydrophobicity. Ilustrated in Figure 2- 7 is an idealised particle to air bubble attachment in
an aqueoussolution. Contact angle is denoted by © and is tangential to the wetting boundary and the
surface of the solid particle. The wetting boundary is the zone of contact where the three phases (solid,
liquid and air) meet. Contact angle is based on surface tension and can be evaluated using Young’s
equation (Chau, 2009, Celik and Somasundaran, 1980), given by Equation 3.

LG

Gas (air bubble)

Liquad

‘}'s:; YsL
Solid (muneral surface)

Figure 2- 7: The equilibrium contact between a solid particle and a bubble in an aqueous solution
(Fuerstenau, 1982b).

Yse = Yis(cos@) + ys, Equation 3

Where y¢; is the solid-gas(air) interfacial tension, y; 4 is the liquid-air interfacial tension, yg; is the
solid-liquid interfacial tension and © is the contact angel.

Young’s equation is used to thermodynamically express the three phase (solid, liquid and air) contact
in terms of interfacial tensions. When the diameters of the particle and the bubble are comparable, an
optimal contact between the bubbles and the particles is achieved (Whelan and Brown, 1956). The
change in free surface energy canbe defined by Dupré’s equation (Equation 4) for the work of adhesion,
where AG is change in Gibbs free energy. Combing Dupré and Young’s equation yields Equation 5
(Fuerstenau, 1982b). A chemical reaction is said to be spontaneous if the change in free energy is less
than zero; therefore, itis necessary that AGs < 0 for bubble adhesion to occur (Fuerstenau, 1982b).

AG =ysc — Vit Vsi) Equation 4

AGg =ys(cosf — 1) Equation 5
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Morris et al. (2008) proposed that the contact angles of particles in flotation froths lie between 0° to
90°, and can be divided into three separate ranges of particle hydrophobicity: 0° — 30° for low, 30° —
70° for intermediate and > 70° for highly hydrophaobic particles, respectively. Schwarz and Grano
(2005) studied particle hydrophobicity effects on particle and water transport across a flotation froth
and concluded that increasing the contact angle to a maximum of about 63°, increased froth recovery.
Beyond this maximum contactangle (6 >63°), froth recovery started decreasing and this was attributed
to increased bubble burst rate in the froth phase, which in turn increased bubble size, thereby
destabilising the froth. Ata etal. (2003) carried out a study on bubble coalescence in flotation froths
and showed that highly hydrophobic particles (© = 82°) had the highest flotation recovery and were
more capable of destabilising the froth more than moderately or intermediate hydrophobic particles (©
=66°).

Johansson and Pugh (1992) studied the influence of quartz particles on froth stability and reported that
weakly hydrophobic quartz particles had no influence on froth stability, while small quartz particles
having an intermediate degree of hydrophobicity (© of about 50° — 65°) showed maximum froth
stability and strongly hydrophobic particles destabilised the froths. It should be noted that the particles
they used in their study had well defined size fractions with different degrees of hydrophobicity and
one key finding was that froth stability increased with the concentration of small particles (having an
intermediate hydrophobicity).

2.3.3 Measuring Froth Stability

Various techniques have been developed for measuring froth stability both in non-continuous and
continuous flotation columns. Dynamic froth stability is the widely used technique for measuring froth
stability in non-continuous froth columns (Achaye etal., 2021, Barbianetal., 2005, Iglesiasetal., 1995,
Bikerman, 1973) while continuous flotation columns usually use techniquessuchasair recovery, image
analysisandwater recovery (Moraretal., 2012, Hadler and Cilliers, 2009, Barbianetal., 2003, Ventura-
Medina and Cilliers, 2002).

Aktas et al. (2008), Pugh (2005) and Barbian et al. (2003) suggested that there are generally two types
of methods which can be identified to assess the stability of the froth or foams; these methods can be
identified as dynamic methods and static methods. Dynamic methods can be used as a measure of
foamability or frothability, and these methods involve making observations of the foam or froth until a
state of dynamic equilibrium is reached between the rates of foam formation and decay. Static methods
involve observations where the foam or froth forms, and once formed, it is allowed to decay or collapse
without re-generation by input of gas or further agitation (Rossen et al., 1996).

Barbian etal. (2003) introduced a new measure for froth stability based on dynamic stability tests for
non-overflowing froth columns; their findings showed that both the equilibrium froth height and the
dynamic froth stability factor were strongly dependent on the air flow rate and frother concentration.
The maximum equilibrium froth height was found to increase with frother concentration and aeration
rate, however, when the aeration ratesand frother concentrations were high, the maximum equilibrium
froth heightdecreased, such thatthe frothwas unstable. Consequently, the dynamic froth stability factor
was also affected by the aeration rate and frother concentration.

Taoetal. (2000) usedaseries of coal flotation columnsto relate froth stability to flotation performance.
They quantified froth stability by water recovery in the froth product and found that increasing aeration
stabilised the froth, however, a significant increase in ash recovery owing to entrainment was also
shown when operating at superficial gas velocities higher than 2 cm/s.
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The ratio of the foam volume to gas flowrate was proposed asa method for measuring froth stability by
Bikerman (1973), and this is expressed as the dynamic froth stability factor, 3, as illustrated by
Equation 6. Barbian et al. (2003) also reported an improvement in flotation performance at higher froth
stability conditions, when the air flow rates were lower.

= g—]; = HmQL;'A Equation 6
Where:
Vi = foam volume at equilibrium (L)
Qa = gas flow rate (L/s)
Humax = maximum froth height at equilibrium (cm)
A = cross sectional area of the column (cm?)
> o= dynamic froth stability (s)

This work considers Equation 6 to assess the dynamic froth stability. It is worth noting that the dynamic
tests considered can be related to the dynamics of real flotation systems (Achayeetal., 2021, Iglesias
etal., 1995, Bikerman, 1973).

2.4 Importance of Mineralogy in Sulphide Flotation

The mineralogy of an ore is one of the determining factors to its flotation performance. As previously
mentioned, differentoresbeardifferent minerals andthus behavedifferently in the presence of chemical
reagents. Ore feed grade is an important factor in mineral processing and mining industry. Ore feed
grade can vary dependingon theore body type and the geological settings which formed the ore deposit.
The Merensky ore deposits hasa varyingore feed grade typically in the ranges 3 to 6 g/t PGM, Zambian
copper ore’s feed grade range between 0.6 — 4%, Upper Group Chromite No.2 (UG2) is typically in the
range of 3 to 4 g/t and this highlights how feed grades can vary depending on the geological location
and ore body type.

The depletionof high-grade feed grades to low-gradeand complex ores has raised processing challenges
for the mining industry, and is a rarely explored topic in literature, as such this study aims to contribute
knowledge to this area of research in mineral processing by making use of synthetic ores as proxies for
which their findings may be used in real situations by metallurgical operators.

This investigation considers synthetic ores consisting of fully liberated minerals of pyrite, galena,
quartz, and talc using different water qualities. A synthetic ore mimics a real ore and allows for the
isolation of distinct mineral behaviour; as such, for the purpose of this investigation, the synthetic ore
allowed for the isolation of distinct sulphide mineral behaviour and for the impact ore sulphide feed
grade has on froth stability, total gangue and flotation performance to be investigated. Synthetic ores
have been successfully used by other authors (Achayeetal., 2021, Owusuetal., 2014, Shamailaand
O’Connor, 2008, Shackleton et al., 2007a, Shackleton et al., 2007b, Dichmann and Finch, 2001, Zhang
etal., 1997).
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The floatability of sulphide minerals is influenced by the interactions occurring between the minerals,
thus galvanic interactions between sulphide mineral play an important role in froth flotation. The
flotation behaviour of a single sulphide mineral is different from that of mixed minerals and this
difference may be attributed to galvanic interactions between the sulphide minerals. The contact or
interaction betweentwo sulphide minerals resultsin the formation of a galvanic cell, wherebya cathodic
reaction occurs on the mineral surface with a higher rest potential; this mineral accepts electrons from
the one with a lower rest potential (Subrahmanyamand Forssberg, 1993). Galvanic interactionsbetween
sulphide minerals are important in flotation systems. Galvanic reactions can occur on a homogenous
surface through Wagner-Traud mechanism or on a heterogeneous surface via local cells (Allahkarami
et al., 2017, Ahmed, 1978). Various kinds of galvanic interactions affecting mineral reactivity have
been reported in literature (Pecina-Trevinoetal., 2003, Rao and Finch, 1988, Moslemi etal., 2011).
Qinetal. (2015) studied the effects of galvanic interactions between galenaand pyrite in the presence
of a butyl xanthate collector; their findings showed that galena is more active electrochemically than
pyrite, and thus serves as the anode when coupled with pyrite. The recovery of galena decreased while
that of pyrite increased when the minerals were mixed together, and this was attributed to the influence
of galvanic interactions on the adsorption of the collector and dissolution of galena. The rest potential
values for galenaand pyrite in alkaline solutions have been reported to be 0.14 and 0.22 V, respectively
(Cheng and Iwasaki, 1992, Babedi et al., 2023)

Collectorless flotation of sulphide minerals cannot be achieved under reducing conditions; it can only
be achieved under moderate oxidation conditionsand this can be controlled by pulp potential (Ralston,
1991). Oxidation can occur on the surface of minerals and change the characteristics, surface properties
such as hydrophobicity and hydrophilicity of the minerals (Hamptonetal., 2011). Sulphide minerals
show natural flotability characteristics and can float without the addition of a collector into the flotation
system when their surfaces are less oxidised and fresh; this is owing to the weak polar covalent bonds
at the mineral surfaces, which makes the surfaces hydrophobic when freshly crushed or ground (Ozun
et al., 2019, Ralston, 1994). Under appropriate conditions, the natural hydrophobicity of sulphide
minerals can be arranged in descending order as: chalcopyrite>galena > pyrrhotite >sphalerite > pyrite
> arsenopyrite (Guy and Trahar, 1984, Trahar, 1984a).

2.4.1 Pyrite

Pyrite is an iron sulphide mineral with chemical formula FeS,. It is the most abundant sulphide mineral
inthe earth’s crustand is sometimes referred to as ‘fool’s gold’. Itis brass-yellow in colour and contains
Fe?*and S ions in a stochiometric ratio of 1:2. Pyrite has a Mohs scale hardness of 6 — 5 and tarnishes
into dull gray-green colour post milling. Itis used as a feed stock in the production of one of the most
globally consumed industrial chemicals, sulphuric acid, and in the production of elemental sulphur
(Ekmekgi and Demirel, 1997). In most base metal operations, pyrite is considered a non-valuable or an
impurity mineral and is thus removed to minimise its contamination to the valuable minerals in the
concentrate (Bulut et al., 2014, Chandra and Gerson, 2009, Wang and Forssberg, 1991). Pyrite is
problematic and its presence can impact the utilisation and handling of the valuable minerals it is
commonly associated with, such as gold, chalcopyrite, sphalerite and coal (Moslemi and Gharabaghi,
2017, Tuetal., 2017, Jiangetal., 1998, Dimitrijevicetal., 1996, Wang, 1995, Wang and Forssberg,
1991). Pyrite can easily reportto the concentrate and dilute the grades, thus reducing the economic
value of the valuable mineral component (Huang et al., 2013).

Trahar et al. (1994) reported that the reactivity and liberated surface area of pyrite in a complex ore
governsthe behaviour of pyritein flotation. Pyrite may float owingto collector induced hydrophobicity,
self-induced or natural hydrophobicity. The separation of pyrite in alkaline solutions from other base
mineral sulphides such as galena, chalcopyrite or sphalerite can be difficult to achieve due to the
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inadvertent activation of pyrite by metallic species such as Pb?* and Cu?, present in solution as either
contaminants from process water or dissolved from complex sulphide minerals resulting from galvanic
interactions (Owusu etal., 2014, Barker et al., 2014, Pecina et al., 2006, He et al., 2005, Boulton et al.,
2001, Dichmann and Finch, 2001, Ekmekgi and Demirel, 1997, Zhang et al., 1997).

Pyrite is reactive and can easily be oxidised. Raichur et al. (2000) showed that pyrite’s oxidation is the
fastest at pH 9. The mineral has been reported to have collector-less floatability in mildly acidic
conditions. Xanthate collectors in the flotation of pyrite have been greatly studied (Wangand Forssberg,
1991, Fuerstenau etal., 1990, Fuerstenau and Mishra, 1980), including in coal-pyrite flotation, whereby
pyrite is rejected by reverse flotation. A number of studies have reported that different ferric species
can be formed during pyrite flotation and these ferric species are said to play a crucial role in the
flotation of pyrite (Yangetal., 2018, Bulut and Atak, 2002, Jiang et al., 1998, Wang and Forssberg,
1991). Xanthate adsorption on pyrite surfaces is strongly related to the oxidation occurring on the
pyrite’s surface, and this is largely dependent on the conditions of the solution. Studies on the xanthate
adsorption on pyrite surfaces have shown that the adsorption of xanthate in alkaline pH regions is due
to physisorptionof xanthate and dixanthogen ions, whilein acidic pH conditions, chemisorption is more
likely (Yang et al., 2018, Bulut and Atak, 2002, Jiang et al., 1998, Wang and Forssberg, 1991).

2.4.2 Galena

Galena is the most abundant lead-containing mineral and commonly found in association with other
sulphide minerals such as pyrite, chalcopyrite and sphalerite (Zarate-Gutiérrez etal., 2012). Galena is
metallic lead-grey in colour and contains lead cations (Pb*) and sulphur anions (S°) in a stochiometric
ratio of 1:1. Galenabelongs to the octahedral sulphide mineral group and has a cubic crystal structure
(Nodaetal., 1987). Furthermore, galena has a high specific gravity that makes galena mineral samples
feel much ‘heavier’ than similar sized samples of other metallic and non-metallic minerals. Wills and
Napier-Munn (2006) reported that galena feed grades range between 1 — 5% lead. As a major source of
commercial lead, itis primarily used to produce lead metal for, ammunition, batteries, pipes, weights,
and radiation shielding. Galena has a low electrode rest potential and this can be attributed to the fact
that galena crystals possess reductive properties i.e. they are formed under a reductive atmosphere
(Chen et al., 2014). The mineral has semiconductor properties, and this causes the occurrence of
electrochemical reactions during galena flotation (Oertel et al., 1999).

The flotation of galenais well establishedin industryandin ore deposits wherethe mineral is associated
with sphalerite, galena is usually floated first owing to it being more naturally hydrophobic. The reason
for galena’s natural hydrophobicity has been attributed to the formation of Pb deficient sulphur rich
surface species (Rao and Leja, 2004); generally, the oxidation of galena results in the production of
sulphate and the release of lead ions and oxides, elemental sulphur, intermediates and lead hydroxy-
carbonate precipitate into the aqueous solution (Chernyshova, 2003, Nowak and Laajalehto, 2000,
Nowak et al., 2000, Kartio et al., 1997, Manochaand Park, 1977, Kartio et al., 1996, Fornasiero et al.,
1994, Hsieh and Huang, 1989). Li et al. (2019) reported that CMC has no significant effect on
depressing galena, however, the depression of galena with CMC can be enhanced by the addition of
KMnQO, to the flotation system. To improve the flotation of strongly oxidised galena mineral surface,
moderate concentrations of ethylene diamine tetraacetic acid (EDTA) and pH conditions are typically
used (Wang and Forssberg, 1990); the EDTA aids with the removal of hydrophilic metal hydroxide
products on the surface of galena, which in turn exposes the sulphur-rich surface to water molecules
(Wang and Forssberg, 1990).

Hayes and Ralston (1988) reported that the collectorless flotation of galena occurs under moderate
oxidation conditions and is inhibited under strong oxidation conditions, owing to the formation of
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hydrophilic oxidation products on the mineral surface. Gu etal. (2002) reported collectorless flotation
of galena at a pulp potential of less than 0.17 V and a pH greater than 12.5. Under these conditions, the
elemental sulphur exceeded the oxidised lead species on the surface of galena and thisin turn made the
mineral hydrophobic.

Aktas et al. (2008) reported that the adsorption capabilities of xanthate on the surfaces of galena
increased with condition time, with approximately 10 to 15% increase in flotation recoveries after 5
minutes of conditioning. Xanthates with straight chain lengths enhanced flotation recovery of galena
when the conditioning time was shorter (up to 5 minutes), however when the conditioning time
increased to 10 min, the flotation recoveries were negatively affected by the hydrophobic aggregation
of the mineral particles, which led to detachment from air bubbles (Aktaset al., 2008, Kuopanportti et
al., 2000). The opposite is true in the case of xanthates with branched chain lengths, i.e. lower galena
recoverieswere reported at shorter conditioning time (up to 5 min) owing to steric hindrance from the
branched structure, however, longer conditioning time (10 min) enhanced the adsorption capabilities of
the branched xanthate molecules on thesurface of galena, andthus increasedflotation recoveries (Aktas
etal., 2008). October et al. (2021) reported a decrease in xanthate adsorption on the surfaces of galena
when the ionic strength of plant water was increased. This decrease in xanthate adsorption was however
overridden by zeta potential effects; zeta potential of the mineral particles increased with the ionic
strength of plant water.

A study by Fuerstenau (1982b) showed that galena can be fully recovered between pH 2 and 11, while
the inhibition of galena’s flotation occurs at pH’s less than 2 and greater than 11 (Fuerstenau and Han,
2003, Fuerstenau, 1982b).

2.4.3 Talc

Talc is an NFG mineral commonly associated with base metal sulphide ores and acts as a froth
stabilising mineral in flotation systems (Parolis et al., 2008). It is a magnesium rich phyllosilicate
mineral which forms through the alteration of magnesium silicates. Its structure is layered and
comprises of two different surfaces; namely, a hydrophobic basal cleavage face, and hydrophilic edges
(Farrokhpay etal., 2018). The cleavage face surface areais proportionally larger and is what gives talc
its natural hydrophobic character. It is the only naturally floatable silicate mineral in the Merensky ore
and present in other base metal ores.

Owingto its natural floatability, talc may report to the concentrate and thus lower the concentrate grade.
Talc is known to have a disproportionate effect on flotation performance; it enhances froth stability and
increases the entrainment of other unwanted gangue mineral particles reporting to the concentrate
(Martinovic, 2005). The froth stabilising effect of talc is negated by the addition of depressants. CMC
and modified guar gums have been widely used to depress the flotation of talc and thus improve the
concentrate grade of ores containing talc as a gangue component (Wiese etal., 2011, Manonoetaal.,
2018, Witneyand Yan, 1997, Gong, 1999, Jenkins and Ralston, 1998). These long-chain polysaccharide
depressants adsorb on to the surface of the talc and render the mineral hydrophilic.

In this study, a minor portion of talc is used within the synthetic ore to aid with the stabilisation of the
froth phase.

2.4.4 Quartz

Quartz is one of the most common non-floatable gangue mineral in the earth’s crust and has the
chemical formula SiO,. This mineral can undergo various modifications or transformations under
differentconditions of pressure, temperature, and chemical environment. In nature itexistsas alphaand
beta quartz, which have trigonal and hexagonal crystal structures, respectively. Although a gangue

19|Page



mineral, it has various economic uses; owing to its Moh hardness scale of 7; it can be used as abrasives,
filter media, and in construction materials, as well as electronics.

Quartz is commonly associated with ores which contain valuable minerals such as lead, copper, zinc,
gold and iron. Hence, for the purpose of this investigation, it is used as the major hydrophilic
component.

2.5 Water Quality Effect on Flotation

Environmental degradation is mainly caused by waste disposal processes, such as; process water
seepage into the water table, andtailings disposals (Haggard etal., 2015). The miningindustry is water-
intensive with mineral processing and dust suspension accounting for most of the water used. Global
restrictions and regulations on water have become more stringent, making it a necessity formines to
find alternative sources of water that meet the water demands required for operation; hence, many
operations are recycling and reusing onsite process water (Mhlongo et al., 2018, Bester and VVermeulen,
2010, Naicker etal., 2003). This way of using water in a closed circuit, is key for green mining, whose
focus is on recycling and reuse, minimising discharge and maintaining production targets while
simultaneously addressing process water issues (Dzingai et al., 2020, Muzindaand Schreithofer, 2018).
Recycling reduces the need to depend on water suppliers and thus the need for continuous access to
large amounts of fresh/potable water. Furthermore, recycling reduces water discharge from flotation
plants and lowers reagent consumption through the retention of some reagents as the water is recycled
(Slatter et al., 2009).

lonic strength of a solution is calculated using Equation 7 and is defined as a measure of the
concentration of ions or inorganic electrolytes dissolved in that solution. It has been shown that the
floatability of sulphide minerals may increase or decrease in the presence of ions, depending on the
water chemistry and mineral type (Slatter et al., 2009). Recycling and reusing onsite process water
increases the dissolved ions present in the water, this is ore dependent. This recycled water is usually
obtained from tailings disposals after the flotation process, and thus may contain various contaminating
species from the accumulation of base metals, flotation reagents, organic material and ions such as
SO,% Mg?*, Ca?,K* Na* Cl-etc.

I =% >z c) Equation 7
Where:
I = ionic strength
Z = charge of ion i
I = the ion for which the ionic strength is evaluated
C = molarity of ion i

n = number of ions present in solution/system

The more these ions accumulate, the more the ionic strength (IS) of the water increases, and this may
in turn lead to an abnormal concentration of inorganic electrolytes in solution (Slatter et al., 2009).
Water in the flotation process represents 80 — 85% of the mineral pulp and facilitates the sub-processes
within froth flotation (Muzenda, 2010). Mineral beneficiation has a high dependency on the chemistry
of process water, and this dependency on flotation performance is rarely known beforehand. A change
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in the amount of ions present in the water may compromise the flotation process by affecting froth
stability, rate of recovery, mineral pulp chemistry and flotation performance. Deleterious inorganicions
and contaminants may be introduced by recycled water and accumulate in the flotation system; and this
may affectthe pulpchemistry, reagent-mineral interactions, mineral surfaces, gradeand recoveries, and
possibly compromise the flotation process. This adds complexity to the flotation process and its
chemical reagents. The complexity added to “its chemical reagents” can be better understood from the
perspective of a pure vs contaminated system; in a pure system chemical reagents may perform their
function better than in a contaminated one, sorely due to the fact that in a contaminated system, in this
case recycled system, there are other factors at play which are directly or indirectly contributing toward
performancein the flotation system. Barker (1983) showed that increasing the concentration of divalent
cations, such as calcium and magnesium led to an increase in froth stability and the recovery of pyrite,
while gangue recovery greatly decreased. Similarly, the author showed that pyrite recovery and froth
stability increased when the concentration of sodium (monovalent cation) was increased, and gangue
recovery decreased slightly. High ionic strength concentrations have been shown to have a stabilising
effect on froth stability (Dzingai etal., 2020, Corin and Wiese, 2014, Manono et al., 2012, Corinetal.,
2011) and this has been attributed to a decrease in bubble size and bubble coalescence in solution
(Manono et al., 2012). Klassen and Mokrousov (1963) attributed this to the fact that inorganic
electrolytes reduce the surface hydration of naturally hydrophobic minerals and provideattractive forces
between the mineral particles and air bubbles.

A closed water circuitmaybe keyto green mining, anda good alternative source of water for the mining
industry, however, thisrecycling changes the water chemistry and may have a compromising effect on
the flotation process as highlighted above, and this may further compromise the efficiency of the
reagents involved (Slatter etal., 2009). Hence, a fundamental understanding of how these changes in
water chemistry may impact the flotation system is paramount for mineral processing (Corin et al.,
2011, Mooruth and Booley, 2009, Slatter et al., 2009).

2.6. Gaps in Knowledge

The depletion of high-feed grade ore deposits to low-grade and more complex ore deposits has posed
the mining industry with a processing challenge owing to the growing demand to increase metal
production for our technologically driven future. Although evidently critical, ore feed grade is in most
casesnotcontrolledand hence rarelyexplored in literature. An understanding of the impact of depleting
ore feed grades is vital not only meeting metal production demands, but also for exploring alternative
processing methods and mitigating environmental degradation issues as mines dig deeper. Stringent
water restrictions and regulations have forced mining operations to recycle onsite process water. This
recycling changes the water quality overtime and may compromise the flotation process. Previous
studies have considered the effects that operational properties (such as particle hydrophobicity, shape,
and size) and chemistry properties (such as collectors, frothers and pH) have on froth flotation, but not
much has been reported on the effects of depleting ore feed grades under degrading water quality. This
study considers synthetic sulphide ores to investigate the impact of varying ore feed grade on froth
stability, total gangue recovery and flotation performance under varying water qualities.
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Chapter 3. Hypotheses, Key Questions and Objectives

3.1 Hypotheses

(i) Froth stability is determined by the hydrophobic componentswithin an ore. A higher feed grade
yieldsamore stablefroth whenthe feedgrade is higher owingto a higher proportion of hydrophobic
minerals.

(if) The lonic Strength of plant water is a strong determinant of froth stability due to its effects on the
behaviour of hydrophobic and hydrophilic components. A low feed grade at a high ionic strength
water causesan increase in water and gangue minerals recovery, which in turn yields a more stable
froth.

3.2 Key Questions

(i) Whateffect doesvarying the ore feed grade have on froth stability and flotation performance?

(if) How does a simultaneous change in ore feed grade and ionic strength of plant water affect froth
stability and flotation performance?

(iii) How does a combination of varying ore feed grade and ionic strength of plant water affect gangue
recovery?

(iv) What effect does varying the ore feed grade have on pulp chemistry as measured by Eh, pH, DO,
EC and TDS?

3.3 Objectives
Considering the previous work conducted within the CMR on water quality in flotation, the objectives
of this investigation read as follows;

(i) Develop a better understanding into the impact of ore feed grade on flotation performance, froth
stability and entrainment under changing water quality.

(if) Monitor changes in pulp chemistry; Eh, pH, DO, EC, TDS, with changes in ore feed grade and
water quality.

(iii) Determine whether a froth column can be used as a simple technique for indicating the potential
flotation performance of an ore, for known feed grade and process water quality.

3.4 Research Approach

To investigate process variables, a standard experimental approach commonly used is one variable at a
time. However, this method of investigation does not consider other variable(s) responses which may
be contributingto the overall response (Nanthakumar and Kelebek,2007, Dean etal., 2015). A factorial
experimental design was consisted for this investigation for determining the possible number of
experiments required to address the study’s objectives. Factorial experimental designs are used to
investigate experimental designs consisting of more than one independent variables; each having
discrete levels and whose experimental units take on all possible combinations across all factors or
variables. A three level, three factor factorial design, denoted 33, was considered for this investigation.
The three factors varied in this investigation were ore feed grade, ionic strength and depressant dosage
for three levels; Low (L), intermediate(M) and High(H). This equates to 27 experiments; however, for
this investigation, one level, M, for one factor, ionic strength, was dropped, thus 9 experiments had to
be removed, which equated to a total of 18 single run experiments, as outlined in Table 1.
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The full factorial design for the batch flotationexperiments in this project consisted of a total of seventy-
two experimental runs (inclusive of repeats); 36 batch flotation tests for the pyrite and galena-based
synthetic ore, respectively. Design Expert software gave a confidence level of 95% for this factorial
design. Furthermore, atotal of 12 column runs were conducted for the pyriteand galena-based synthetic
ore, respectively. This study thus consisted of a total of ninety-six experiments.

Table 3.1: Batch flotation factorial experimental design for pyrite and galena-based ore(s), respectively.

Factor Low Level Intermediate Level High Level

Ore Feed Grade (%) 3 6 12
lonic Strength (SPW) 3 - 10
Depressant Dosage (g/t) 0 100 500

3.5 Sustainable Development Goals

Figure 3- 1 shows the 17 global Sustainable Development Goals (SDGs) developed by the United
Nations as a blueprint to aid the world in achieving a better and more sustainable future for all. SDGs
6 and 12 are addressed in this study. Goal 6 is addressed through the use of recycled water in the
flotation circuit; this reduces the amount of contaminated water discharged to the environment, thereby
reducing effluents from the processing circuits that may harm or pollute freshwater resou rces.
Furthermore, the amount of freshwater used for processing is reduced. Responsible consumption and
production are achieved in this way, thus also addressing sustainability goal 12. Goals 13, 14 and 15
areindirectly addressed; life is preservedfor the living species on the landand belowwater, and climate
change effectsare also lowered by reducing the use of fresh water for processing and effluents
discharged to the environment.

“o SUSTAINABLE ™ s
¥%” DEVELOPMENT \J%u* ALS

NO GOOD HEALTH QUALITY GENDER CLEAN WATER
POVERTY AND WELL-BEING EDUCATION EQUALITY AND SANITATION

DECENT WORK AND INDUSTRY, INNOVATION 1 REDUCED RESPONSIBLE
ECONOMIC GROWTH AND INFRASTRUCTURE INEQUALITIES CONSUMPTION
AND PRODUCTION

13 CGLIMATE 1 LIFE 16 PEACE, JUSTICE 1 PARTNERSHIPS
ACTION BELOW WATER AND STRONG FOR THE GOALS
INSTITUTIONS

Figure 3- 1: United Nations Sustainable Development Goals (“Communications materials - United
Nations Sustainable Development,” n.d.).
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Chapter 4. Experimental Materials and Methods

This chapter details the materials, equipment and methods used to meet the objectives of this research.
All experiments were conducted using predefined synthetic ore types and water qualities. This study
consisted of two main experimental tests; batch flotation and froth stability column tests.

4.1 Ore

Two synthetic ore types were considered in this investigation;

e Pyrite-based where pyrite was considered as the valuable mineral.
e Galena-based where galena was considered as the valuable mineral.

Each synthetic ore was investigated in isolation using the same experimental approach to better
understand the behaviour(s) of pyrite and galena-based ores with varying feed grades and in varying
ionic strengths of process water.

Table 4- 1 show the pure mineral samples which were used in this study. Included in the table are their
respective purity and the suppliers they were obtained from. To determine each minerals purity and
confirmthe absence of other sulfide minerals, Powder X-ray diffraction (XRD) spectraanalysis was
carried usinga Bruker D8 Advance powder diffractometer with LynxEye detectorandfixed divergence,
receiving slits with Co-ka radiation. Table 4- 2 shows the mineral samples and their respective purity.

Table 4- 1: Mineral samples and their respective purity.

Mineral Chemical formula Supplier Purity (%)

Pyrite FeS, Minerals World, Cape Town, 95,1
South Africa

Galena PbS Minerals World, Cape Town, 78,0
South Africa

Talc Mg;Si,O10(OH), Central South University, 88,03
China

Quartz SiO; Cape Silica Suppliers, Cape 95,89
Town, South Africa.

Table 4- 2: XRD analysis for the pure minerals used.

Proportion of crystalline phases (mass %o)

Mineral phase Pyrite | Galena Talc Quartz
Pyrite 95,1 - - -
Galena - 78,0 - -
Talc 0,7 - 88,0 -
Quartz 0,4 - - 95,9
Anglesite - 11,8 - -
Cerrusite - 10,2 - -
Sulphur 1,0 - - -
Jarosite 0,8 - - -
Gypsum 0,6 - - -
Calcite* 0,2 - - -
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Dolomite - - 9,7 -
Mica 0,8 - 2,3 1,8
Chlorite 0,4 - - -
Corundum - - - 2,3
Total 100,0 100,0 100,0 100,0

Note: Anglesite and Cerussite had no major effect on the flotation of galena (Rashchi et al., 2005,
Herrera-Urbina et al., 1999, Fuerstenau et al., 1987).

The pure mineral samples werehammered into chunks, if needed. Thetalc was placed into a pulverising
ring milbowland pulverised for 30s, usinga pulveriser supplied by The Ferguson Industrial Equipment
Group, Johannesburg, South Africa. The pulverised talc samples were then dry screened using a
2.36 mm screen. The size fractions above 2.36 mm were pulverised for a further 5 s and dry screened
similarly using the 2.36 mm screen. Pure mineral samples of pyrite and galena were crushed separately,
using Terminator Joial Jaw crusher, supplied by Mineral Innovative Technologies. The mineral samples
were separately dry screened using the 2.36 mm screen, riffled and split using a rotary splitter and
placed into two airtight plastic bags. The riffler and rotary splitter were supplied by Dickie & Stockler,
Johannesburg, South Africa. The quartz was supplied as size fractions 2 — 4 mm; this was considered
suitable for feed to mill samples and thus the quartz sample was only riffled and split using a rotary
splitter and placed into airtight plastic bags.

Three different ore feed sulfide grades were considered, namely, 3, 6 and 12% sulfide. To generate the
synthetic ore, a total mass of 1 kg was considered. A constant 2% concentration of talc was maintained
in all ore samples, while the quartz mass balanced the synthetic ore composition(s).

4.2 Water

All batch flotation and column tests were conducted using UCT synthetic plant water (SPW); a water
recipe whereby distilled water is modified using inorganic salts of analytical grade to ensure that the
water contains similar amounts of ions typically found in plant water (Wiese et al., 2005). The synthetic
plant water was prepared in bulk fresh every second day after running out, or when there was too little
SPW remaining to conduct a float. The water was stored in a 40 L container. To simulate water
recirculation and thereby allow for the effects of ionic strength to be investigated, baseline plant water
(1 SPW) was increased by 3 and 10 times respectively (Manono et al., 2018), as shown in Table 4- 3.

Table 4- 3: ion concentrations of synthetic plant water.(Manono et al., 2018, Wiese et al., 2005)

Ca* Mg?*  Na* Cl SO,~ NOzy NO, COs# TDS lonic

W
Tpe (ML) (mgl) (mgl) (mglL) (mgl) (gll) (ngll) (mgl) (mgL) e

[M]
1 SPW 80 70 153 287 240 176 - 17 1023  0.0242
3 SPW 240 210 459 861 720 528 - 51 3069  0.0727
10 SPW 800 700 1530 2870 2400 1760 - 850 10230 0.2426

4.3 Flotation Reagents

4.3.1 Collector
Sodium Isobutyl Xanthate (SIBX) collector, supplied by AECI Mining Chemicals, was used in this
investigation and its properties are shown in Table 4- 4. A 1% (w/v) solution of SIBX was prepared
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fresh each day by hydration in distilled water. The collector dosage was kept constant at 150 g/t for all
batch flotation and 3-phase column tests. The dosage was not corrected for active content (i.e calculated
on an ‘as is’ basis). The remaining collector solution was discarded as per the requirements of the
Material Safety Data Sheet (MSDS).

Table 4- 4: SIBX properties.

Collector
SIBX

M, g/mol Density, g/mL % Purity
200 1 90

Dosage, g/t
150

4.3.2 Depressant

Sodium carboxymethyl cellulose (Na-CMC), supplied by Merck, South Africa, was used as the gangue
depressant. A 1% (w/v) solution of the Na-CMC depressant was prepared fresh every 2" day for all
batch flotation tests; by hydration in distilled water for two hours usinga magnetic stirrer to ensure
complete dissolution. In an attempt to differentiate the entrained from floating gangue, this investigation
considered the UCT high depressant method. The method assumesthat at a high depressant dosage
(>300 gft), all floatable gangue is depressed and any gangue reporting to the concentrate is owing to
entrainment (Corin etal., 2011, Wiese and Harris, 2012, Wiese, 2009). This therefore allows for the
amount of NFG reporting to the concentrate to be determined at lower depressant dosages. Table 4- 5
shows the properties of the Na-CMC depressant.

Table 4-5: CMC properties.

Depressant M, g/mol Relative % Purity Degree of | Dosage, g/t
Density, g/mL Substitution
Na-CMC 250 000 1.59 98.7 0.7 0, 100 and
500

4.3.3 Frother

A polyglycol ether, Dowfroth 200 (Dow 200), supplied by Betachem, was used in all the batch flotation
and column tests in this investigation. The frother was used in its pure form and a frother dosage of 40
g/t was maintained in all experimental tests. Table 4- 6 shows the properties of the Dow200.

Table 4- 6: Dow200 properties.

Depressant M;, g/mol Density, g/mL | % Purity Dosage, g/t

Dow200 200 0.965 100 40

4.4 Calibration Probe

A multiparameter meter (multiprobe) supplied by HANNA instruments, South Africa, shown in Figure
4- 1 was used to monitor the pulp chemistry, namely, redox potential (Eh), pH, dissolved oxygen (DO),
electrical conductivity (EC) and total dissolved solids (TDS) (calculated from EC). The multiprobe was
inserted into the batch flotation cell during the collection of concentrate one (C1) and at the end of each
flotation test (Tails). C1 measurements were taken once the pulp was conditioned and the aeration
maintained at a constant flow rate of 7 L/min, and once the C4 collection was complete and aeration
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turned off, the multiprobe was re-inserted into the flotation cell and tails measurements were recorded.
The impeller was turned on throughout all the pulp chemistry measurements. The oxidation of the
mineral surfaces within the pulp phase is due to DO and affects the rate of adsorption of the xanthate,
due to oxygen being a necessity for the electrochemical reactions on the mineral surface of sulfide
minerals (Corin etal., 2013, Wills and Finch, 2015). Sulphide mineral hydrophobicity can be reduced
by oxidation on the surface of the minerals which can inhibit the separation the sulfide mineral from
unwanted gangue in during flotation (Hayes and Ralston, 1988). Electrical conductivity in aqueous
solutions measuresthe ability of the solutionto conduct current. Inorganic electrolytes can carry current,
and thus the higher the amount of inorganic electrolytes in solution, the higher the EC. The measured
EC in this study was used as a proxy for ionic strength.

Figure 4- 1 Multiparameter meter instrument.

4.5 Milling

A 200 mm diameter Eriez stainless steel rod mill, charged with 20 stainless steel rods of varying
diameter ratios, 8 x 20 mm, 6 x 25 mm and 6 x 16 mm, was used to mill the ore in this investigation.
1 kg synthetic ore sample was milled at 66% solids in synthetic plant water of known ionic strength to
achieve a grind of 60% passing 75 pm. This grind size represents the primary rougher grind that is used
by industrial mining operations processing Merensky ore. Figure 4- 2 showsthe milling curve generated
for this study; the milling time for the target grind was determined by interpolation to be 25 min and
48 s. Collector was added during the milling process.
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Figure 4- 2: Milling curve for 1 kg batch float.

4.6 Batch Flotation Equipment

Batch flotation tests were conducted to evaluate water and solid recoveries, valuable mineral recoveries
and grades as well as those of gangue minerals. This was done by making use of the UCT 3 L Barker
laboratory flotation cell shown in Figure 4- 3. Table 4- 7 shows the standard conditions, reagent types
and dosages, including the variables considered when operating the flotation cell in this study. The
flotation pulp level was controlled manually, and three variables were varied, namely, ore feed grade,
water quality and depressant dosage, respectively. Aeration rate, impeller speed, collector type and
dosage as well as frother type and dosage remained constant throughout all tests.

Table 4- 7: Standard and variable flotation cell conditions.

Constants Variables

Cell conditions

Aeration rate: 7 L/min Ore feed sulphide grade: 3%, 6% and 12%
Impeller speed: 1200 rpm Synthetic Plant water type: 3 and 10SPW

Reagent type and dosage
Collector: 150 g/t of SIBX Depressant: 0, 100 and 500 g/t of Na-CMC
Frother: 40 g/t of Dow200
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Figure 4- 3: The UCT 3L Barker laboratory flotation cell.

4.6.1 Batch Flotation Procedure

A representative 1 kg ore sample, milled in the presence of the SIBX collector, was used. The milled
ore slurry was transferred to the flotation cell and the required synthetic plant water was added to make
up a volume of 3 L to achieve a solids percentage of 35%. An impeller speed of 1200 rpm was used. A
feed sample was takenbefore eachflotation test. CMC depressant was dosed into the slurryand allowed
to condition for two minutes. The multiparameter meter (multiprobe) was inserted into the flotation cell
to monitor pulp chemistry. Dow200 frother was added and allowed to condition for 1 minute. The
aeration was turned on and kept at a constant flow rate of 7 L/min. A froth height of 2 cm was kept
constant throughout the flotation experiments by manually adding top-up water at regular intervals.
Four concentrates were collected as follows; C1 for 2, C2 for 4, C3 for 6, and C4 for 8 minutes,
respectively, allowing a total of 20 minutes for flotation. The froth was manually collected by scraping
the froth from the top of the flotation cell at a fixed depth every 15 seconds. The multiprobe was
removed from the flotation cell after the collection of C1 and reinserted into the flotation cell after the
collection of C4 when the air was turned off. The samples were filtered, dried, and weighed before X-
ray fluorescence (XRF) analysis was carried out for elemental analysis. A Olympus Vanta™ C Series
handheld XRF analyzer was used for all Iron (Fe) and Lead (Pb) analysis. Water recovery was
monitored and measured throughout. Table 4- 8 shows a summary of the batch flotation procedure
followed in this study. All batch flotation tests were performed in duplicates to minimise uncertainty,
standard error betweenduplicate tests was foundto be within 5 and 10% for solidsand water recoveries,
respectively. The standard error is represented by error bars on the graphs in Chapter 5, the Results
Chapter.

Furthermore, the study intents to show entrainment, a non-selective process responsible for the recovery
of both valuable and unwanted gangue mineral particles reporting to the concentrate. The method used
to determine an entrainment factor was the UCT high depressant method; the method assumes that all
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floatable gangue has been depressed at high depressant dosages (>300 g/t), and any gangue reporting
to the concentrate is owing to entrainment (Corin etal., 2011, Wiese and Harris, 2012, Wiese, 2009).
An entrainment factor or degree of entrainment refersto the proportionality between the total gangue
and water recovered, i.e the gradient line, and is used for calculating the floating gangue.

Table 4- 8: Summary of the batch flotation procedure followed in this investigation.

Action Conditioning Time (minutes)
Milling 25.80
Collector dosed to the mill Added to the mill before grinding
Feed sample drawn Post slurry transfer to cell
Depressant dosed to the flotation cell 0
Frother dosed to the flotation cell 2
Multiprobe inserted into the flotation cell 2.5
Air turned on and froth allowed to develop 3
C1 5
Multiprobe removed from the flotation cell 5.5
C2 9
C3 15
C4 23
Air turned off and Multiprobe reinserted into the 23
flotation cell
2 Tails samples drawn 23

4.7 Froth Stability Column

Figure 4- 4 shows a laboratory scale froth stability column setup. The column is a non-overflowing
stability columnwhich is constructed from Perspex. It has a height of 1 m and an intemal diameter of
9.4 cm. A pore-4 sintered glass frit with a 60 mm disc diameter and height of 4.2 mm, was placed at the
bottom of the column. The same frit was used for conducting all column test work. Furthermore, all the
3-phase column test work made use of a stainless-steel impeller which was inserted inside the column
to keep the solids in suspension and aid with bubble-particle collision and attachment.
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Figure 4- 4: Froth stability column set up.

4.7.1 Froth Column Procedure

To conduct the 2-phase column tests; a 3 L feed bucket was used to condition the SPW containing the
required reagent before running each column test. A frother dosage of 40 g/t was added to each plant
water type and once conditioned, the solution was pumped through an inlet near the bottom of the
column. The level attained by the solution was noted as the initial height. Air was introduced into the
column and maintained at a flow rate of 7 L/min. The height attained by the foam was tracked as a
function of time and once equilibrium foam height (Hn.x) was achieved, the air was turned off. The
solution was then pumped out of the column and discarded.

Similarly, for conducting all the 3-phase column tests, a feed bucket was used to condition the slurry
post milling, before running each column test. Milling was conducted in the same manner as that given
for flotation test work in Section 4.5. The feed bucket was topped up to the 3 L mark using the required
SPW type. Furthermore, 40 g/t of Dow200 frother was added and once well-mixed, the slurry was
pumped into the column through an inlet near the bottom of the column with the impeller turned on to
keep the solid particles in suspension. The initial height attained by the slurry was noted and air was
introduced into the column, maintained at a flow rate of 7 L/min for all runs. The froth height attained
was tracked as a function of time until an equilibrium froth height (H..) was achieved. Once the Hyu
wasachieved, the airwas turned offandthe slurrywas pumped out of the columnfor no further analysis.
Dynamic froth stability was calculated using Equation 6 as discussed in Section 2.3.2.

4.8 Reproducibility

To minimise and determine the standard error associated with the experimental results, each batch
flotation test was carried out in duplicate for each of the conditions tested. The variables used to
determine the reproducibility of the tests are solids and water recoveries, concentrate assays and metal
recoveries. The values presented in this thesis are therefore calculated averages and thus the error bars
represent the standard error between the duplicate tests. To calculate the sample standard error, the
sample standard deviation wasdivided by the squareroot of the sample size. The standard error required
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by the UCT standard batch flotation procedure for solids and water recovered is 5 and 10%,
respectively. The standard error calculated for all the batch flotation tests presented in this thesis was
found to be within acceptable limits.
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Chapter 5. Results

The result section in this thesis is sub-divided into 3;

e pyrite-based synthetic ore results.

e galena-based synthetic ore results.

e and batch flotation kinetics results for both synthetic ores considered, obtained by making use
of the classical first order kinetics model.

5.1 Pyrite

This section evaluates the effects of varying pyrite feed grade, ionic strength of plant water and
depressant dosage on the flotation performance of the pyrite-based synthetic ore, by comparison of;
solids and water recovered, iron (Fe) grades and recoveries, foam and froth stability, and total gangue
recovered. The colours blue, orange and grey represent the three pyrite feed grades, 3, 6 and 12%,
respectively. 3and 10 Synthetic Plant Water types (SPW) are represented by solid and dashed coloured
lines, respectively, while the markers represent the three CMC depressant dosages; 0, 100 and 500 g#,
represented by the triangle, diamond, and square-shaped markers, respectively.

5.1.1 Cumulative Solids vs. Time

Figure 5- 1 illustrates cumulative solids vs. time for 3, 6 and 12% pyrite feed, under 3 and 10SPW, for
the three CMC depressant dosages, 0, 100 and 500 g/t. Solids recovered per unit time increased with
pyrite feed grade, as illustrated predominantly by the grey curvesat the top of the graph, with the solids
increasing in the order 3% (blue) < 6% (orange) < 12% (grey), with most solids generally being
recovered within the first 2 minutes. Solids recovered per unit time decreased with an increase in
depressant dosage for all pyrite feed grades. This effect is more clearly illustrated by the 12% pyrite
feed grade (grey), whereby an increase in depressant dosage from 0, 100 to 500 g/t is illustrated by the
triangle (0 g/t) > diamond (100 g/t) >square (500g/t). Asthe ionic strength of plantwater was increased,
from 3SPW (solid curves)to 10SPW (dashed curves), solids recovered per unit time increased for all
pyrite feed grades. This is clearly illustrated by the dashed lines falling above their solid counterparts
in mostcases. The highestsolids recovered by the 12%was~162g, 6% was ~100 gand 3% was~75 ¢.
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Figure 5- 1: Cumulative solids recovered Vs. Time for 3(blue), 6(orange) and 12% (grey)) pyrite feed,

under 3(solid) and 10 (dashed) Synthetic Plant Water type(s), for O(triangle), 100(diamond) and 500

(square) g/t CMC depressant dosage(s), respectively. The error barsincluded in the figure represent
the standard error between duplicate tests.

5.1.2 Cumulative Water vs. Time

Figure 5- 2 illustrates cumulativewater vs.time for 3, 6 and 12% pyrite feed grade, under 3and 10SPW,
for the three CMC depressant dosages, 0, 100 and 500 g/t. Water recovered per unit time increased with
pyrite feed grade, as illustrated predominantly by the grey curves at the top of the graph, with water
recoveriesincreasing in the order 3% (blue) < 6% (orange) < 12% (grey). To clarify the overlaps in
Figure 5- 2 and thereby allow for a better illustration of this observation, the feed grades are separated
into individual cumulative water recovery vs time, as shown in Appendix Al. As the ionic strength of
plant water increased from 3 (solid curves) to 10SPW (dashed curves), water recovered per unit time
increased for all pyrite feed grades; this is clearly depicted by the dashed lines falling above their solid
counter parts in all cases. The highest water recovered by the 12% was ~ 1400 g, 6% was ~ 1200 g and
3% was~1100 g. Generally, water recovered per unittime decreasedwith increasing depressant dosage
for all pyrite feed grades as illustrated predominantly by the triangle markers (0 g/t) at the top of the
graph, with water recoveries decreasing in the order square (500 g/t) < diamond (100 g/t) < triangle
(0 gf).
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Figure 5- 2: Cumulative water recovered vs. Time for 3(blue), 6(orange) and 12%(grey) pyrite feed,

under 3(solid) and 10(dashed) Synthetic Plant Water type(s), for O(triangle), 100(diamond) and

500(square) g/t CMC depressant dosage(s), respectively. The error bars included in the figure
represent the standard error between duplicate tests.

5.1.3 Solids and Water Recoveries

Figure 5- 3 illustrates the cumulative solids and water recoveries for 3, 6 and 12% pyrite feed grade,
under the two SPW conditions considered, 3 and 10SPW, for three CMC depressant dosages, 0, 100
and 500 g/t. Solids and water recovered increased with increasing pyrite feed grade, as illustrated
predominantly by the grey curves at the top of the graph, with solidsand water recovery increasing in
the order 3% (blue) < 6% (orange) < 12% (grey). As the ionic strength of plant water was increased
from 3 (solid curves) to 10SPW (dashed curves), solids and water recovery increased for all pyrite feed
grades; thisis clearly illustrated by the dashed lines fallingabove their solid counter parts in most cases.
The highest solids recovered in order of increasing pyrite feed grade was ~75 g for 3% (blue) <100 g
for 6% (orange) <162 g for 12% (grey). The highest water recovered by the 3% (blue) was~1100g <
6% (orange) ~1180 g < 3% (grey) ~1400 g. Water and solids recovered decreased with increasing
depressantdosage forall the investigated pyrite feedgrades. This is clearly illustrated by the 12% pyrite
feed grade (grey), whereby an increase in depressant dosage from 0, 100 to 500 g/t is shown by the
triangle (0 g/t) > diamond (100 g/t) > square (500 g/t).
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Figure 5- 3: Cumulative solids and water recoveries for 3 (blue), 6 (orange) and 12% (grey) pyrite

feed, under 3 (solid) and 10 (dashed) Synthetic Plant Water type(s), for 0 (triangle), 100 (diamond)

and 500 (square) g/t CMC depressant dosage(s), respectively. The error bars included in the figure
represent the standard error between duplicate tests.

5.1.4 Final Solids and Water Recoveries

Figure 5- 4 illustrates final total solids and water recovered for the conditions tested. As the pyrite feed
grade was increased for each ionic strength, solids (brown bars) recovered increased, while water (light
blue bars) recovered generally decreased for the 3SPW, and increased for the 10SPW. At each
depressant dosage, solids (brown bars) and water (light blue bars) recovered increased with increasing
ionic strength of plant water for the 3, 6 and 12% pyrite feed grade. At each pyrite feed grade and
synthetic plant water type, solids (brown bars) and water (light blue bars) recovered decreased with
increasing CMC depressant dosage (with the exception of 3% pyrite feed, 10SPW). Furthermore, as the
pyrite feed grade and ionicstrength weresimultaneously increased, solids (brown bars) and water (light
blue bars) recovered increased for each depressant dosage. The highest solid (brown bars) recovered
for each feed grade was ~ 75 g for the 3% pyrite feed grade < ~ 100 g for 6% pyrite feed grade < ~
162 g for the 12% pyrite feed grade. These highest solids recovered were generally obtained at high
ionic strength, 10SPW under 0 g/t CMC depressant dosage for all the pyrite feed grades.
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Figure 5- 4: Final solids and water recoveries for 3, 6 and 12% pyrite feed, under 3 and 10 Synthetic
Plant Water type(s), for 0, 100 and 500 g/t CMC depressant dosage(s), respectively. The error bars
included in the figure represent the standard error between duplicate tests.

5.1.5 Concentrate Grade and Recoveries

This section evaluates the effects of varying pyrite feed grade, ionic strength of plant water and
depressant dosage on the flotation performance of the pyrite-based synthetic ore, through comparison
of iron (Fe) grades and recoveries.

5.1.5.1 Cumulative Fe Recovery vs. Time

Figure 5- 5 illustrates cumulative Fe recovery vs. time for 3, 6 and 12% pyrite feed, under 3SPW and
10SPW conditions, for the three CMC depressant dosages; 0, 100 and 500 g/t. The majority of the Fe
was recovered within the first 2 minutes for each pyrite feed grade. Generally, Fe recovery increased
with increasing pyrite feed grade as illustrated by the cumulative Fe recovery curves in the order blue
(3%) < orange (6%) < grey (12%). Increasing the depressant dosage, generally decreased the Fe
recovery per unit time for all pyrite feed grades. This effect is more clearly illustrated by the 6% pyrite
feed grade (orange), whereby Fe recovery per unittime decreasedwith an increase in depressant dosage
as illustrated by the triangle (0 g/t) > diamond (100 g/t) > square (500 g/t). To clarify the overlapsin
Figure 5- 5and therebyallow fora better illustration of these observations, the feed grades are separated
into individual cumulative Fe recovery vs. time, as shown in Appendix B1. The greatest CMC
depression was observed at 500 g/t under the 6% (orange) pyrite feed grade, for both 3 and 10SPW,
respectively. The effect of ionic strength is not clearly illustrated in this figure.
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Figure 5- 5: Cumulative Fe recoveryvs. Time for 3,6 and 12% pyrite feed under 3 and 10 Synthetic
Plant Water type(s), for 0, 100 and 500 g/t CMC depressant dosage(s), respectively. The error bars
included in the figure represent the standard error between duplicate tests.

5.1.5.2 Cumulative Fe Recovery vs. Water Recoveries

Figure 5- 6 illustrates the cumulative Fe recoveries as a function of cumulative water recovered for 3,
6 and 12% pyrite feed grade, under 3SPW and 10SPW conditions, for the three CMC depressant
dosages, 0, 100 and 500 g/t. Generally, as the pyrite feed grade was increased, cumulative Fe and water
recovery increased, as illustrated by the grey curves at the top of the graph, with the Fe recovery
increasing in the order 3% (blue) <6% (orange) <12% (grey). To clarify the overlaps in Figure 5- 6
and thereby allow for a better illustration of these observations, the feed grades are separated into
individual cumulative Fe recovery vs. cumulative water recovered, as shown in Appendix B1. The
effects of ionic strength of plant water type are not clearly illustrated in this figure. Similarly, the same
can be said for the depressant effects. Similar amounts of final Fe were recovered for the 3% (blue)
pyrite feed grade for the tested conditions, with the majority of the Fe recovery collected within 200 g
of synthetic plant water utilised for the flotation process. The 6% (orange) pyrite feed grade, under
10SPW, at 500 g/t CMC depressant dosage, recorded the lowest amount of Fe recovery compared to
the 3% (blue) and 12% (grey) for the same depressant dosage condition under both 3 and 10SPW,
respectively.
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Figure 5- 6: Cumulative Fe recovery Vs. cumulative water recovered for 3, 6 and 12% pyrite feed,

under 3 and 10 Synthetic Plant Water type(s), for 0, 100 and 500 g/t CMC depressant dosage(s),

respectively. The error bars included in the figure represent the standard error between duplicate
tests.

5.1.5.3 Final Fe Grade and Recovery

Figure 5- 7 illustrates the final Fe grade and recovery for 3, 6 and 12% pyrite feed, under 3 and 10SPW,
for 0, 100 and 500 g/t CMC depressant dosages. Generally, the final Fe recoveries as illustrated by the
grey bars, fall within similar ranges for each feed grade; ~ 80 to 85% for the 3% pyrite feed grade <
~ 86 t0 90% for the 6% pyrite feed grade <~ 84 to 94% for the 12% pyrite feed grade. These minimal
changes in cumulative final Fe recoveries suggest that neither varying pyrite feed grade nor ionic
strength nor depressant dosage affected the Fe recoveries. As the pyrite feed grade was increased for
each ionic strength of plant water type and depressant dosage condition, final Fe grade (brown bars)
recovered increased. At each pyrite feed grade and ionic strength of plant water type condition, final Fe
grade (brown bars) recoveredincreased with increasing depressantdosage. Ateachfeed grade, Fe grade
(brown bars) recovered decreased with an increase in ionic strength of plant water type, for each
depressant dosage. Final Fe grade (brown bars) recovered increased with a simultaneous increase in
pyrite feed grade and ionic strength, for each depressant dosage. The highest final Fe grade (brown
bars) recovered was ~ 27% for 3% pyrite feed grade <~34% for 6% pyrite feed grade <~ 35% for 12%
pyrite. These highest Fe grade recoveries were obtained under 3SPW, 500 g/t CMC depressant dosage
for the 3 and 6% pyrite feed grade, and under 3SPW 100 g/t for the 12% pyrite feed grade.
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Figure 5- 7: Final Fe grade and recovery for 3, 6 and 12% pyrite feed, under 3 and 10 Synthetic
Plant Water type(s), for 0, 100 and 500 g/t CMC depressant dosage(s), respectively. The error bars
included in the figure represent the standard error between duplicate tests.

5.1.5.4 Fe Grade and Recoveries for 3 SPW

Figure 5- 8 illustrates Fe grade vs. Fe recovery for 3, 6 and 12% pyrite feed under 3SPW, for 0, 100
and 500 g/t CMC depressant dosages. It is clear from the figure that for this ionic strength, 3SPW, most
of the Fe recoveries fall between 80 to 90% for all the tested conditions. The Fe grade recoveries fall
between 15 to 42% across the three pyrite feed grades. As the pyrite feed grade was increased for this
SPW, Fe grades and recoveries increased as illustrated by the 12% (grey) curves falling predominantly
on top of the graph, with Fe grades and recoveries in the order 3% (blue) < 6% (orange) < 12% (grey).
Thefigure clearly illustrates that Fe grade recoveriesincreased with depressant dosage from0to 100 gt
forall pyrite feed grades. The 500 g/t depressantdosage for 6 (orange) and 12% (grey) pyrite feed grade
are seen to decrease recovery foralmost the same grade as 100 g/t (diamond) CMC depressant dosage,
while for the 3% (blue) pyrite feed grade, the Fe grade increased foralmost the same recovery as the
100 g/t depressant dosage. Furthermore, highest grade recoveries for the 6 (orange) and 12% (grey)
pyrite feed grade are seen at 100 g/t (diamond) depressant dosage, while for the 3% (blue) pyrite feed
grade, the highest grade are seen at 500 g/t. This illustrates that Fe grades were maximized at higher
depressant dosages.
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Figure 5- 8: Fe grade Vs. Fe recovery for 3,6 and 12% pyrite feed under 3SPW, for 0, 100 and 500
g/t CMC depressant dosage(s), respectively. The error bars included in the figure represent the
standard error between duplicate tests.

5.1.5.5 Fe Grade and Recoveries for 10 SPW

Figure 5- 9 illustrates the Fe grade vs. Fe recovery for 3, 6 and 12% pyrite feed under 10 SPW, for 0,
100 and 500 g/t CMC depressant dosages, respectively. The Fe recoveries for this synthetic plant water
type, L0SPW, generally fall between 75 — 90% for the tested conditions, with the exception of the 6%
(orange) pyrite feed grade, under 500 g/t (square) CMC depressant dosage. The Fe grade recoveries fall
between 15 —38% across all the three pyrite feed grades. As the pyrite feed grade was increased for this
SPW, Fe grades and recoveries increased asillustrated by the 12% (grey) curves falling predominantly
on top of the graph, with Fe grades and recoveries in the order 3% (blue) <6% (orange) <12% (grey).
Thefigure clearly illustrates that Fe grade recoveriesincreased with depressantdosage from0to 100 gt
for all pyrite feed grades. The 500 g/t (square) depressant dosage for the 3 (blue) and 12% (grey) pyrite
feed grade are seen to decrease recovery for almost the same grade as 100 g/t (diamond) CMC
depressant dosage, while for the 6% (orange) pyrite feed grade, the Fe grade recoveriesare seen to
decrease to below the 3% (blue) pyrite feed grade, 100 g/t (diamond) CMC depressant dosage. The
figure clearly illustrates that Fe grade recoveries were maximized at higher depressant dosages.
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Figure 5- 9: Fe grade Vs. Fe recovery for 3,6 and 12% pyrite feed under 10 SPW, for 0,100 and 500
g/t CMC depressant dosage(s), respectively. The error bars included in the figure represent the
standard error between duplicate tests.

5.1.6 Foam Column

Foam can be defined as a two-phase structure consisting of liquid and air. Pure liquids are incapable of
foaming without the aid of surfactant. The addition of a surfactant to pure liquids allows for a stronger
air-liquid interface, thereby foaming. Figure 5- 10 illustrates the maximum foam height and foam
stability forthe 3SPWand 10SPW. The surfactantused for carrying out these tests was Dow200 frother.
Maximum foam height is represented by the light blue bars, while the dark blue represents the foam
stability. The foam stability and foam height of 3SPW and 10SPW were about1sand 1.8 cm,and 3 s
and 5 cm, respectively. Thus, asthe ionic strength of plant water was increased from 3SPW to 10SPW,
foam height and foam stability also increased. Knowledge of two-phase foams can be used to describe
three phase systems (solid, liquid and air bubbles).
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Figure 5- 10: Maximum foam height and foam stability for 3SPW and 10SPW, respectively. A frother
dosage of 40g/t Dow200 was used. The error bars included in the figure represent the standard error
between duplicate tests.

5.1.7 Froth Column

Froth can be defined as a three-phase structure consisting of solid, liquid andair. Figure 5- 11 illustrates
the maximum froth height and froth stability for 3, 6 and 12% pyrite feed grade, under the 3SPW and
10SPW. Maximum froth height and froth stability are represented by the light blue and dark blue bars
for all the pyrite feed grades investigated. Generally, for each pyrite feed grade, froth height (light blue
bars) and froth stability (dark blue bars) increased with increasing ionic strength of plant water from
3SPW to 10SPW. The froth stability and froth height for the 3, 6 and 12% pyrite feed grade, under
3SPW,were11.5sand19.3cm,8.4sand 14.1cm,and12.2 sand 20.5cm, respectively. Thisillustrated
that froth stability and froth height did not linearly increase as pyrite feed grade was increased from 3,
6 to 12% pyrite feed grade. A positive parabolic relationship between froth stability and pyrite feed
grade is depicted, whereby froth stability goes through a minimum at the 6% pyrite feed grade, after
which it reaches a maximum froth stability at 12%. There was not much variation observed at higher
ionic strength, 10SPW, as the pyrite feed grade was varied from 3, 6 to 12%. These small differences
in froth stability between the 3, 6 and 12% pyrite feed grade under 10SPW suggest that froth stability
was the same as the pyrite feed grade was increased.
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Figure 5- 11: Maximum froth height and froth stability for 3, 6 and 12% pyrite feed, under 3 and
10SPW, respectively. Reagents used include 150 g/t SIBX collector and 40 g/t Dow200 frother. The
error bars included in the figure represent the standard error between duplicate tests.

5.1.8 Total Gangue Recoveries

Figure 5- 12 illustrates the total gangue vs. water recovered for 3, 6 and 12% pyrite feed under 3SPW
and 10SPW, for 500 g/t CMC depressant dosages. The intention of the results presented in this section
was to show entrainment; a non-selective process responsible for the recovery of both valuable and
unwanted gangue mineral particles reporting to the concentrate. Generally, the rate of recovery of the
total gangue recovered (per unit water) increased with increasing pyrite feed grade. Total gangue and
water recoveries increased with increasing pyrite feed grade, as illustrated predominantly by the grey
curves at the top of the graph, with total gangue recovery increasing in the order 3% (blue) < 6%
(orange) <12% (grey). The total gangue increased with increasingionicstrength from3 SPWto 10SPW
as illustrated by the dashed lines falling above their solid counterparts in most cases. Furthermore, the
results illustrated suggest that not all the Naturally Floating Gangue (NFG) was completely depressed
at depressant dosages greater than 500 g/t. The galena-based synthetic ore proved this observation to
be true; the depressant dosage was increased to 700 and 800 g/t and an entrainment factor was still not
attained as described in Section 5.2.7.
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Figure 5- 12: Total gangue Vs. water recovered for 3,6 and 12% pyrite feed under 3 and 10 Synthetic
Plant Water type(s), for 500 g/t CMC depressant dosages. The error bars included in the figure
represent the standard error between duplicate tests.

5.2 Galena

This section evaluates the effects of varying galena feed grade, ionic strength of plant water and
depressant dosage on the flotation performance of the galena-based synthetic ore, by comparison of;
solids and water recovered, lead (Pb) grades and recoveries, froth stability, and total gangue recovered.

5.2.1 Cumulative Solids vs. Time

Figure 5- 13 illustrates cumulative solids vs. time for 3, 6 and 12% galenafeed, under 3 and 10SPW,
for0, 100 and 500 g/t CMC depressant dosages. Solids recovered per unit time increased with galena
feed grade, as illustrated predominantly by the grey curves at the top of the graph, with the solids
increasing in the order 3% (blue) < 6% (orange) < 12% (grey), with most solids generally being
recovered within the first 2 minutes. Solids recovered per unit time decreased with an increase in
depressant dosage for all the galena feed grades. This effect is illustrated by each galena feed grade,
whereby an increase in depressant dosage from 0, 100to 500 g/t is illustrated by the triangle (0 g/t) >
diamond (100 g/t) >square (500 g/t). As the ionic strength of plant water was increased, from 3 (solid
curves) to 10SPW (dashed curves), solids recovered per unit time increased for all galena feed grades.
This is clearly shown by the dashed lines falling above their solid counterparts in most cases (with the
exception of 12% galena feed grade, 10SPW for 0 g/t CMC depressant dosage). The highest solids
recovered by the 12% was ~160 g, 6% was ~100 g and 3% was ~85 g.
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Figure 5- 13: Cumulative solids recovered Vs Time for 3(blue), 6(orange) and 12%(grey) galena

feed, under 3(solid) and 10(dashed) Synthetic Plant Water type(s), for 0, 100 and 500 g/t CMC

depressant dosage(s), respectively. The error barsincluded in the figure represent the standard error
between duplicate tests.

5.2.2 Cumulative Water vs. Time

Figure 5- 14 illustrates cumulative water vs. time for 3, 6 and 12% galena feed grade, under 3 and
10SPW, for the three CMC depressant dosages, 0, 100 and 500 g/t. Generally, water recovered per unit
time decreased with increasing galena feed grade, as illustrated predominantly by the blue curves at the
top of the graph, with water recoveries decreasing in the order 3% (blue) > 6% (orange) > 12% (grey).
To clarify the overlapsin Figure 5- 14 and thereby allow for a better illustration of this observation, the
feed grades are separated into individual cumulative water recovery vs time, as shown in Appendix A2.
As the ionic strength of plant water increased from 3 (solid curves) to 10SPW (dashed curves), water
recovered perunittime increasedforall galena feed grades; thisis clearly illustrated by the dashed lines
falling above their solid counterparts in all cases. The highest water recovered by the 3% was ~ 1600 g,
6% was ~ 1400 g and 12% was ~ 1200 g. Furthermore, the figure clearly illustrates that more water was
recovered under 10SPW (dashed), 100 g/t (diamond) CMC depressant dosage, for all galena feed
grades, with water recovered per unit time decreasing in the order 3% (blue) > 6% (orange) > 12%

(grey).
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Figure 5- 14: Cumulative water recovered Vs. Time for 3(blue), 6(orange) and 12%(grey) galena
feed, under 3(solid) and 10(dashed) Synthetic Plant Water type(s), for O(triangle), 100(diamond) and
500(square) g/t CMC depressant dosage(s), respectively. The error bars included in the figure
represent the standard error between duplicate tests.

5.2.3 Solids and Water Recoveries

Figure 5- 15 illustrates the cumulative solids and water recoveries for 3, 6 and 12% galena feed grade,
under 3 and 10SPW, for three CMC depressant dosages, 0, 100 and 500 g/t. Solids recovered increased
with increasing galena feed grade, as illustrated predominantly by the grey curves at the top of the
graph, with solids recovery increasing in the order 3% (blue) < 6% (orange) < 12% (grey). Water
recovered decreased with increasing galena feed grade as illustrated by the cumulative water recovery
(x-axis) decreasing in the order 3% (blue) > 6% (orange) >12% (grey). As the ionic strength of plant
water was increased from 3SPW (solid curves) to 10SPW (dashed curves), solids and water recovery
increased for all galena feed grades (with the exception of 12% galenafeed grade, 10SPW, 0g/t), this
is clearly shown by the dashed lines falling above their solid counterparts in most cases. The highest
solids recovered by the 12% (grey) was ~160 g > 6% (orange) ~105 g > 3% (blue) ~85 g. The highest
water recovered by (12%) was ~1300 g < orange (6%) ~1400 g < blue (3%) ~1600 g. Solids recovered
decreased with increasing depressant dosage for all the investigated galena feed grades. This effect is
illustrated by all the galena feed grades, whereby anincreasein depressant dosage from 0, 100 to 500 gt
is shown by the triangle (0 g/t) > diamond (100 g/t) > square (500 g/t).
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Figure 5- 15: Cumulative solids and water recoveries for 3(blue), 6(orange) and 12%(grey) galena
feed, under 3(solid) and 10(dashed) Synthetic Plant Water type(s), for 0, 100 and 500 g/t CMC
depressant dosage(s), respectively. The error barsincluded in the figure represent the standard error
between duplicate tests.

5.2.4 Final Solids and Water Recoveries

Figure 5- 16 illustrates the final total solids and water recovered for the conditions tested. As the galena
feed grade was increased for each ionic strength and depressant condition, solids (black bars) recovered
increased while water (light blue bars) decreased. At each depressant dosage, solids (black bars)
recovered increased with increasing ionic strength of plant water, while water recovered (light blue
bars) decreased with increasing ionic strength for the 3, 6 and 12% galena feed grades. At each galena
feed grade and synthetic plant water type, solids (black bars) and water (light blue bars) recovered
decreased with increasing CMC depressant dosage (with exceptions of 1L0SPW for 3, 6 and 12% galena
feed grade). Furthermore, as the galena feed grade and ionic strength were simultaneously increased,
solids (black bars) and water (light blue bars) recovered increased for each depressant dosage. The
highest final solids (black bars) recovered was ~ 84 g for 3% galena feed grade <~ 106 g for 6% galena
feed grade < ~ 158 g for 12% galena feed grade. These highest final solid recoveries were obtained
under 10SPW, 0 g/t for the 3 and 6% galenafeed grade, and under 3SPW, 0 g/t for the 12% galena feed
grade.
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Figure 5- 16: Final solids and water recovered for 3, 6 and 12% galena feed, under 3 and 10
Synthetic Plant Water type(s), for 0, 100 and 500 g/t CMC depressant dosage(s), respectively. The
error bars included in the figure represent the standard error between duplicate tests.

5.2.5 Concentrate Grade and Recoveries

This section evaluates the effects of varying galena feed grade, ionic strength of plant water and
depressant dosage on the flotation performance of the galena-based synthetic ore, through comparison
of Lead (Pb) grades and recoveries.

5.2.5.1 Cumulative Pb Recovery vs. Time

Figure 5- 17 illustrates cumulative Pb recovery vs. time for 3, 6 and 12% galena feed grade, under
3SPW and 10SPW conditions, for the three CMC depressant dosages 0,100 and 500 g/t. The majority
of the Pb was recovered within the first 2 minutes for each galena feed grade. Generally, Pb recovery
increased with increasing galena feed grade as illustrated by the cumulative Fe recovery curves in the
order 3% (blue) <6% (orange) < 12% (grey). Increasing the depressant dosage, generally decreased the
Pb recovery per unit time for all galena feed grades. This effect is illustrated by the markers arranged
in the order triangle (0 g/t) > diamond (100 g/t) >square (500 g/t). To clarify the overlaps in Figure 5-
17 and thereby allow for a better illustration of these observations, the feed grades are separated into
individual cumulative Pb recovery vs. time, as shown in Appendix B2. The greatest CMC depression
was observed at 500 g/t under the 3% (blue) galena feed grade, for 3SPW type. The effect of ionic
strength is not clearly illustrated in this figure.
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Figure 5- 17: Cumulative Pb recovery vs. Time for 3, 6 and 12% galena feed, under 3 and 10
Synthetic Plant Water type(s), for 0,100 and 500 g/t CMC depressant dosage(s), respectively. The
error bars included in the figure represent the standard error between duplicate tests.

5.2.5.2 Cumulative Pb Recovery Vs. Water Recoveries

Figure 5- 18 illustrates the cumulative Pb recoveries as a function of cumulative water recovered for 3,
6 and 12% pyrite feed grade, under 3SPW and 10SPW conditions, for the three CMC depressant
dosages, 0, 100and500 g/t. Generally, asthe galena feed grade wasincreased, cumulative Pb recovered
increased, as illustrated by the grey curves at the top of the graph, with the Pb recovery increasing in
the order 3% (blue) <6% (orange) <12% (grey). Cumulative waterrecovered decreased with increasing
galena feed grade, as illustrated by cumulative water recoveries (x-axis) decreasing in the order 3%
(blue) > 6% (orange) > 12% (grey). The effectsof ionic strength of plant water type are not clearly
illustrated in this figure. Increasing the depressant dosage, generally decreased the Pb recovery per unit
water for all galena feed grades. This effect is illustrated by the markers generally arranged in the order
triangle (0 g/t) > diamond (100 g/t) > square (500 g/t). To clarify the overlaps in Figure 5- 18 and
thereby allow for a better illustration of this observation, the feed grades are separated into individual
cumulative Pb recovery vs. Cumulative water recovery, as shown in Appendix B2. Generally, similar
amounts of Pb were recovered for the 6% (orange) and 12% (grey) galena feed grade, as illustrated by
the grey and orange curves falling on top of one another for the tested conditions, with the majority of
the Pb recovery collected within 200 g of synthetic plant water utilised for the flotation process. The
3% (blue) galena feed grade, under 10SPW, at 500 g/t CMC depressant dosage, recorded the lowest
amount of Pb recovery compared to the 6 (orange) and 12% (grey) under the same conditions.
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Figure 5- 18: Cumulative Pb recovery vs. cumulative water recovered for 3, 6 and 12% galena feed

under 3 and 10 Synthetic Plant Water type(s), for 0, 100 and 500 g/t CMC depressant dosage(s),

respectively. Theerror bars included in the figure represent the standard error between duplicate
tests.

5.2.5.3 Final Pb Grade and Recoveries

Figure 5- 19 illustrates final cumulative lead (Pb) grades and recoveries for the conditions tested. As
the galena feed grade was increased for each ionic strength and depressant condition, Pb grades (purple
bars) increased. As the ionic strength was increased for each galena feed grade, the final Pb grade
decreased foreachdepressantdosage condition. Ateach galena feed grade and ionic strength condition,
final Pb grade (purple bars) recovered increased with increasing depressant dosage. Final Pb grade
(purple bars) recovered increased with a simultaneous increase in galena feed grade and ionic strength,
for each depressant dosage. The final Pb recoveries (light grey bars) fall within same range of about 97
to 98% for all the galena feed grades, suggesting that Pb recoveries were generally not affected by the
variation of pyrite feed grade, ionic strength nor depressant dosage. The highest final Pb grade (purple
bars) recovered was ~ 34% for 3% galenafeed grade <~ 47% for 6% galena feed grade <~ 50% for
12% galena feed grade. These highest final Pb grade recoverieswere obtained under 3SPW, 500 g/t
CMC depressant dosage for all the galena feed grades.
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Figure 5- 19: Final Pb grade and recoveryfor 3, 6 and 12% galena feed under 3 and 10 Synthetic
Plant Water type(s), for 0, 100 and 500 g/t CMC depressant dosage(s), respectively. The error bars
included in the figure represent the standard error between duplicate tests.

5.2.5.4 Pb Grade and Recoveries for 3 SPW

Figure 5- 20 illustrates Pb grade vs. Pb recovery for 3, 6 and 12% galena feed under 3SPW, for 0, 100
and 500 g/t CMC depressant dosages. It is clear from the figure that for this ionic strength, 3SPW, most
of the final Pb recoveries fall between 95.74 to 99.48% for all the tested conditions. The final Pb grade
recoveries fall between 21.75 to 49.75% across the three galena feed grades. As the galena feed grade
was increasedfor this ionic strength, Pb grades andrecoveriesincreased asillustrated by the 12% (grey)
curves falling predominantly on top of the graph, with the Pb grades and recoveries curves in the order
3% (blue) < 6% (orange) < 12% (grey). Generally, as the depressant dosage was increased, Pb grade
increased for all galena feed grades. This increase was more pronounced between 0 (triangle) and
100 g/t (diamond) compared to 500 g/t (square) and 100 g/t (diamond). Furthermore, the highest Pb
grades for the 3 (blue), 6 (orange) and 12% (grey) galena feed grade are seen at higher depressant
dosages 100 (diamond) and 500 g/t (square).
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Figure 5- 20: Pb grade vs. Pb recoveryfor 3, 6 and 12% galena feed under 3 SPW, for 0, 100 and
500 g/t CMC depressant dosage(s), respectively. The error bars included in the figure represent the
standard error between duplicate tests.

5.2.5.5 Pb Grade and Recoveries for 10 SPW

Figure 5- 21 illustrates the Pb grade vs. Pb recovery for 3, 6 and 12% pyrite feed under 10 SPW, for 0,
100 and 500 g/t CMC depressant dosages, respectively. The final Pb recoveries for this synthetic plant
water type, 10SPW, generally fall between 96.54 to 99.48% for the tested conditions. The final Pb
grades fall between 19.34 to 46.99% across all the three galena feed grades. As the galena feed grade
was increased forthis ionic strength, Pb grades andrecoveriesincreased as illustrated by the 12% (grey)
curves falling predominantly on top of the graph, with Pb grades and recoveries in the order 3% (blue)
< 6% (orange) <12% (grey). Generally, as the depressant dosage was increased, Pb grade increased for
all galena feed grades, with 500 g/t (square) for the 3 (blue) and 12% (grey) galena feed grades seen to
decrease recovery for almost the same amounts of Pb grade as the 100 g/t (diamond), while for the 6%
(orange) galena feed grade, the Pb grade recoveries for the 500 g/t (square) are seen to decrease below
the 100 g/t CMC depressant dosage. The highest Pb grade are seen at higher depressant dosages 100
(diamond) and 500 g/t (square), forthe 3 (blue) and 12% (grey) galena feed grade, while for the 6%
(orange), highest Pb grades are observed at 100 g/t (diamond).
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Figure 5- 21: Pb grade Vs. Pb recovery for 3,6 and 12% galenafeed under 10 SPW, for 0, 100 and
500 g/t CMC depressant dosage(s), respectively. The error bars included in the figure represent the
standard error between duplicate tests.

5.2.6 Froth Column

Froth can be defined as a three-phase structure consisting of solid, liquid andair. Figure 5- 22 illustrates
the maximum froth height and froth stability for 3, 6 and 12% galena feed grade, under the 3SPW and
10SPW. The foam results presented in Section 5.1.6 for the pyrite-based synthetic ore is of relevance
to the galena-based synthetic ore as well, as the foam results does not contain any minerals. Maximum
froth height and froth stability are represented by the light blue and dark blue bars for all the galena
feed grades investigated. Generally, for each galena feed grade, froth height (light blue bars) and froth
stability (dark blue bars) increased with increasing ionic strength of plant water from 3SPW to 10SPW.
The highest froth stability and froth height for the 3,6 and 12% were 5.06 sand 9 cm, 3.06 sand 5 cm,
and 2.32 s and 4 cm, respectively. These values were all observed at 10SPW. Furthermore, this
illustrates that for the 10SPW, there was a decrease in froth stability and froth height as the galena feed
grade was increased from 3, 6 to 12%. The same trend was observed under the 3SPW, with froth
stability and froth height in the order 12% < 6% < 3%.
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Figure 5- 22: Maximum froth height and froth stability for 3, 6 and 12% galena feed, under 3 and
10SPW, respectively. Reagents used include 150 g/t SIBX collector and 40 g/t Dow200 frother. The
error bars included in the figure represent the standard error between duplicate tests.

5.2.7 Total Gangue Recoveries

Figure 5- 23 illustrates the total gangue vs. water recovered for 3, 6 and 12% galena feed under 3SPW
and 10SPW, for 500 g/t CMC depressant dosages. The intention of the results presented in this section
was to show entrainment; a non-selective process responsible for the recovery of both valuable and
unwanted gangue mineral particles reporting to the concentrate. Generally, the rate of recovery of the
total gangue recovered (per unit water) increased with increasing galena feed grade. Total gangue
recovered increased with increasing galena feed grade, as illustrated predominantly by the grey curves
at the top of the graph, with total gangue recovered increasing in the order 3% (blue) <6% (orange) <
12% (grey). Cumulative water recovered decreased with increasing galena feed grade for both 3SPW
(solid curves) and 10SPW (dashed curves), with water recovered decreasing in the order 3% (blue) <
6% (orange) <12% (grey). The total gangue and water recovered increased with increasing ionic
strength from 3SPW to 10SPW as illustrated by the dashed lines falling above their solid counterparts
in most cases. The results illustrated suggest that not all the Naturally Floating Gangue (NFG) was
completely depressed at 500 g/t CMC depressant dosage. The CMC depressant dosage was increased
to 700 and 800 g/t as illustrated by Figure 5- 24. The figure clearly illustrates similar trends and proves
that not all the NFG was completely depressed at depressant dosages greater than 500 g/t, and thus for
the synthetic ores considered in this investigation, an entrainment factor was not achieved.
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Figure 5- 23: Total gangue vs. water recovered for 3, 6 and 12% galena feed, under 3 and 10SPW,

for 500 g/t CMC depressant dosages, respectively. The error bars included in the figure represent the
standard error between duplicate tests.
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Figure 5- 24: Total gangue vs. water recovered for 12% galena feed, under 10SPW, for 700 and 800
g/t CMC depressant dosages, respectively. The error bars included in the figure represent the
standard error between duplicate tests.

5.3 Determination of Batch Flotation Kinetics Using the Classical Model

Presented in this section are the flotation kinetics parameters of the batch flotation tests carried out in
this investigation, subject to varying ore feed sulphide grade, ionic strength of plant water and
depressant dosage. The classical first order kinetics model, as represented by Equation 2, was fitted to
the experimental data to investigate the effects of varying ore feed sulphide grade, ionic strength of
plant water and depressant dosage on flotation performance. The classical first order kinetics model is

represented by the following equation:
R = Rppy(1—e7kt) Equation 2

The equation allows for the possibility of isolating Ry.x and k and see how they were individually
affected by changes in variables considered.

5.3.1 Classical Model for Pyrite
Presented in this section are the flotation kinetics parameters obtained from the batch flotation tests of
the pyrite-based synthetic ore.

5.3.1.1 Classical First Order Model for Fe under 3, 6 and 12% Pyrite Feed
Grade

Figure 5- 25 illustrates the fitted kinetic models of the cumulative Fe recovery vs time for 3, 6 and 12%
pyrite feed grade, under 3 and 10SPW, for 0, 100 and 500 g/t CMC depressant dosages. A total of ten
fitted kinetic models were obtained from the experimental batch flotation data of the pyrite-based
synthetic ore. Figure 5- 25 does not clearly illustrate which kinetic models correspond to which pyrite
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feed grade and hence for better clarity and depiction of the kinetics models to their respective pyrite
feed grades, the three pyrite feed grades are illustrated on separate figures; Figure 5- 26, Figure 5- 27
and Figure 5- 28, which correspond to the fitted kinetics models forthe 3, 6 and 12% pyrite feed grade,
respectively.
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Figure 5- 25: Cumulative Fe recovery vs Time for the fitted kinetics model, for 3, 6 and 12% pyrite
feed under 3 and 10SPW, for 0, 100 and 500 g/t CMC depressant dosages. The error bars included in
the figure represent the standard error between duplicate tests.

5.3.1.2 Classical First Order Model for Fe under 3% Pyrite Feed Grade

Figure 5- 26 illustrates the fitted kinetic models of the cumulative Fe recovery vs time for 3% pyrite
feed grade, under 3 and 10SPW, for 0, 100 and 500 g/t CMC depressant dosages. Two fitted Kinetic
models were obtained from theexperimental batch flotation data under this pyrite feedgrade. The figure
illustrates that flotationrate of Fe for this pyrite feed grade increased from slowest to fastest in the order
Model 1<Model 2, and this corresponds to test runs 3% 3SPW 500 < 3% 3SPW 0 and 100 = 3% 10SPW
0,100 and 500.
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Figure 5- 26: Cumulative Fe recovery vs Time for the fitted kinetics model, for 3% pyrite feed under
3 and 10SPW, for 0, 100 and 500 g/t CMC depressant dosages. The error bars included in the figure
represent the standard error between duplicate tests.

5.3.1.3 Classical First Order Model for Fe under 6% Pyrite Feed Grade

Figure 5- 27 illustrates the fitted kinetic models of the cumulative Fe recovery vs time for 6% pyrite
feed grade, under 3 and 10SPW, for 0, 100 and 500 g/t CMC depressant dosages. Six fitted kinetic
models were obtained from the experimental batch flotation data under this pyrite feed grade. The
figure illustrates that flotation rate of Fe for this pyrite feed grade increased from slowest to fastest in
the order Model 3< Model 4 <Model 5 < Model 6 < Model 7 < Model 8, and this corresponds to test
runs 6% 10SPW500<6% 3SPW 500<6% 3SPW 100 <6% 10SPW 100 <6% 3SPW 0 <6% 10SPW 0.
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Figure 5- 27: Cumulative Fe recovery vs Time for the fitted kinetics model, for 6% pyrite feed under 3
and 10SPW, for 0, 100 and 500 g/t CMC depressant dosages. The error bars included in the figure
represent the standard error between duplicate tests.

5.3.1.4 Classical First Order Model for Fe under 12% Pyrite Feed Grade
Figure 5- 28 illustrates the fitted kinetic models of the cumulative Fe recovery vs time for 12% pyrite
feed grade, under 3 and 10SPW, for 0, 100 and 500 g/t CMC depressant dosages. Two fitted kinetic
models were obtained from theexperimental batch flotationdata under this pyrite feed grade. The figure
illustrates that flotationrate of Fe for this pyrite feed grade increased from slowest to fastestin the order
Model 9<Model 10, and this corresponds to test runs 12% 3SPW 500=12% 10SPW 500 < 12% 3SPW
0=12% 3SPW 100 =12% 10SPW 0 =12% 3SPW 100.
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Figure 5- 28: Cumulative Fe recovery vs Time for the fitted kinetics model, for 12% pyrite feed under
3 and 10SPW, for 0, 100 and 500 g/t CMC depressant dosages. The error bars included in the figure
represent the standard error between duplicate tests.

5.3.1.5 Summary of Fe Flotation Kinetics

Table 5- 1 shows the detailed R.xand k values obtained from the kinetics models of the pyrite-based
synthetic ore’s batch flotation tests. The flotation rate constants of Fe forthe 3, 6 and 12% pyrite feed
grade fall within the range 0.30 — 1.4 min. The lowest (0.30 min) flotation rate of Fe correspond to
3% pyrite feedgrade,under 3SPW for 500 g/t CMC depressantdosage. The highest (1.4 min ) flotation
rate of Fe correspond to 6% pyrite feed grade, under L0SPW for 0 g/t CMC depressant dosage. This is

graphically illustrated in Figure 5- 25

Table 5- 1: A summary of the flotation kinetics rate constant (k) and maximum recovery (Rmax) for Fe.

IRON (Fe)
Ore feed Plant water Depressant Rmax k Model
sulphide grade type (aft) (%) (min‘t) number
(%) (SPW)
3SPW 0 1.2 2
100 83.4 1.2 2
3 500 0.30 1
10SPW 0
100 83.4 1.2 2
500
3SPW 0 85.1 1.2 7
100 85.1 0.6 5
6 500 78.8 0.5 4
10SPW 0 89.3 14 8
100 89.3 0.7 6
500 73.7 0.5 3
3SPW 0 92.4 0.93 10
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100 92.4 0.93 10

12 500 83.2 0.8 9
10SPW 0 92.4 0.93 10

100 92.4 0.93 10

500 83.2 0.8 9

5.3.2 Classical Model for Galena

Presented in this section are the flotation kinetics parameters obtained from the batch flotation tests of
the galena-based synthetic ore.

5.3.2.1 Classical First Order Model for Pb under 3,6 and 12% Galena Feed
Grade

Figure 5- 29 illustrates the fitted kinetic models of the cumulative Pb recovery vstime for 3, 6 and 12%
galena feed grade, under 3 and 10SPW, for 0, 100 and 500 g/t CMC depressant dosages. A total of six
fitted kinetic models were obtained from the experimental batch flotation data of the galena-based
synthetic ore. Generally, the figure does not clearly illustrate which kineticmodels corresponds to which
galena feed grade, and hence for better clarity and depiction of the kinetic models to their respective
galena feed grades, the three galena feed grades are illustrated on separate figures; Figure 5- 30, Figure
5- 31 and Figure 5- 32, which corresponds to the fitted kinetics models forthe 3, 6 and 12% galena feed
grade, respectively.
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Figure 5- 29: Cumulative Fe recovery vs Time for the fitted kinetics model, for 3,6 and 12% galena
feed under 3 and 10SPW, for 0, 100 and 500 g/t CMC depressant dosages. The error bars included in
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the figure represent the standard error between duplicate tests.

5.3.2.2 Classical First Order Model for Pb under 3% Galena Feed Grade

Figure 5- 30 illustrates the fitted kinetic models of the cumulative Pb recovery vs time for 3% galena
feed grade, under 3 and 10SPW, for 0, 100 and 500 g/t CMC depressant dosages. Two fitted kinetic
models were obtained from the experimental batch flotation data under this galena feed grade. The
figure illustrates that the flotation rate of Pb for this galena feed grade increased from slowest to fastest
in the order Model 1 <Model 2, and this correspondsto test runs 3% 3SPW 100 = 3% 3SPW 500 < 3%

3SPW 0 = 3% 10SPW 0, 100 and 500.
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Figure 5- 30: Cumulative Fe recovery vs Time for the fitted kinetics model, for 3% galenafeed under
3 and 10SPW, for 0, 100 and 500 g/t CMC depressant dosages. The error bars included in the figure
represent the standard error between duplicate tests.

5.3.2.3 Classical First Order Model for Pb under 6% Galena Feed Grade

Figure 5- 31 illustrates the fitted kinetic models of the cumulative Pb recovery vs time for 6% galena
feed grade, under 3 and 10SPW, for 0, 100 and 500 g/t CMC depressant dosages. Two fitted kinetic
models were obtained from the experimental batch flotation data under this galena feed grade. The
figure illustrates that the flotation rate of Pb for this galena feed grade increased from slowest to fastest
in the order Model 3 < Model 4, and this corresponds to test runs with 6% 3SPW 100 = 6% 3SPW 500

<6% 3SPW 0 = 6% 10SPW 0,100 and 500.
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Figure 5- 31: Cumulative Fe recovery vs Time for the fitted kinetics model, for 6% galenafeed under
3 and 10SPW, for 0, 100 and 500 g/t CMC depressant dosages. The error bars included in the figure

represent the standard error between duplicate tests.

5.3.2.4 Classical First Order Model for Pb under 12% Galena Feed Grade

Figure 5- 32 illustrates the fitted kinetic models of the cumulative Pb recovery vs time for 12% galena
feed grade, under 3 and 10SPW, for 0, 100 and 500 g/t CMC depressant dosages. Two fitted kinetic
models were obtained from the experimental batch flotation data under this galena feed grade. The
figure illustrates that the flotation rate of Pb for this galena feed grade increased from slowest to fastest
in the order Model 5< Model 6, and this corresponds to test runs 12% galena 3SPW for 0,100 and 500
=12% 10SPW 0 < 12% 10SPW 100 = 12% 10SPW 500.
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Figure 5- 32: Cumulative Fe recovery vs Time for the fitted kinetics model, for 12% galena feed
under 3 and 10SPW, for 0, 100 and 500 g/t CMC depressant dosages. The error bars included in the
figure represent the standard error between duplicate tests.

5.3.2.5 Summary of Pb Flotation Kinetics

Table 5- 2 shows the detailed R,.xand k values obtained from the kinetic models of the galena-based
synthetic ore’s batch flotation tests. The flotation rate constants of Pb for the 3, 6 and 12% galena feed
grade fall within the range 0.52 — 1.095 min*. The lowest (0.52 min*) flotation rate of Pb corresponds
to 6% galena feed grade under 3SPW, for 100 and 500 g/t, while the highest (1.095 min-t) flotation rate
of Pb corresponds to 12% galena feed grade, under 10SPW, for 100 and 500 g/t CMC depressant

dosage. This is graphically illustrated in Figure 5- 29.

Table 5- 2: A summary of the flotation kinetics rate constant (k) and maximum recovery (R max) for Pb.

Lead (Pb)
Ore feed Plant water Depressant Rmax k Model
sulphide grade type (@) (%) (min) number
(%) (SPW)
3SPwW 0 96.43 0.903 2
100 94.05 0.65 1
3 500 94.05 0.65 1
10SPW 0 98.47 0.903
100 97 0.903 2
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500 93.83 0.903
3SPW 0 98.54 0.82 4
100 95.99 0.52 3
6 500 95.99 0.52 3
10SPW 0 98.54 0.82
100 98.54 0.82 4
500 98.54 0.82
3SPW 0 98.45 0.57
100 98.45 0.57 5
12 500 98.45 0.57
10SPW 0 98.45 0.57 5
100 97.83 1.095 6
500 97.83 1.095 6
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Chapter 6. Discussion

The aim of this study was to investigate the impact of varying ore feed grade on froth stability,
entrainment and flotation performance under varying water qualities. The key indicators evaluated for
the flotation performance include; (i) solids and water recovery, (ii) foam and froth stability, (iii)
valuable mineral recovery and concentrate grade. Two synthetic ore types were considered; pyrite-
based synthetic ore, where pyrite was the valuable mineral, and galena-based synthetic ore, where
galena was the valuable mineral. The ores were investigated in the presence of SIBX, CMC and a Dow
200 frother. Water quality was defined by varying the ionic strength of synthetic plant water (Wiese et
al., 2005) over two levels, 3SPW and 10SPW. Owing to the interactive effects which may be present in
the sub-processes of flotation, interpretation of the flotation response can be complex (Bradshaw et al.,
2005b). To achieve the objectives of this study, varioustests were conducted as outlined and evaluated
in Chapter 4. Chapter 6 presents a critical discussion of the results presented in Chapter 5 in the context
of available literature, and in view of the hypothesis and key questions outlined in Chapter 3. The key
questions of this study were:

(i) Whateffect doesvaryingthe ore feed grade have on froth stability and flotation performance?

(if) How does a simultaneous change in ore feed grade and ionic strength of plant water affect froth
stability and flotation performance?

(iii) How does a combination of varying ore feed grade and ionic strength of plant water affect gangue
recovery?

(iv) What effect does varying the ore feed grade have on pulp chemistry as measured by Eh, pH, DO,
EC and TDS?

Considering that these key questions were put forward for both synthetic ores, Chapter 6 therefore
presents the findings of this study in view of each ore, such that for each key question a critical
discussion will be presented for the pyrite and galena systems.

6.1 Effect of varying ore feed grade on froth stability and flotation
performance?
6.1.1 Pyrite System

The findings of this study showed that as the pyrite feed grade increased, solids and water reporting to
the concentrate increased with ionic strength of plant water at all depressant dosages. This may have
been primarily due to the increased hydrophobic component in the ore as the pyrite feed grade was
increased. Depending on the type of mineral present and water chemistry, the floatability of sulphide
minerals may decrease or increase in the presence of inorganic electrolytes (Slatter etal., 2009). Studies
have shown that high concentrations of inorganic electrolytes stabilise the froth (Dzingai et al., 2020,
Corin and Wiese, 2014, Manono et al., 2012, Corin et al., 2011) and attributed this to bubble size
reduction and retardation of bubble coalescence when there are high amounts of dissolved inorganic
electrolytes in solution (Manono et al., 2012). Klassen and Mokrousov (1963) attributed this to the fact
that inorganic electrolytes reduce the surface hydration of naturally hydrophobic minerals and provide
attractive forces between the mineral particles and air bubbles. Dishon etal. (2009) postulated that
naturally hydrophobic mineralshave specific cationadsorptionsathigh ionic strength of solution, which
may change the surface charge of the mineral particlesand yield strong attractive forces between the
mineral particles. Chapter5 (Figure 5- 3 and Figure 5- 4) illustrated that, as the ionic strength of plant
water was increased, the amount of solids and water reporting to the concentrate increased with the
pyrite feed grade at all depressant dosages. This could be a result of two factors; (i) increased ionic
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strength of plant water increases surface tension at the air liquid interface, generating smaller and more
stable bubbles with increased surface area. These bubbles carry more water and therefore more solids.
(ii) the increase in the concentration of the valuable hydrophobic mineral (pyrite) reporting to the froth
phase as pyrite feed grade was increased. These two factors may have had a direct effect on one another
and the stability of the froth.

The primary role of a depressant is to prevent the flotation of naturally floatable gangue (NFG) by
adsorbing onto the NFG surface and thus rendering the minerals hydrophilic (Bradshaw et al., 2005a,
Steenberg and Harris, 1984, Shortridge etal., 1999). Changes in ionic strength of plant water and pulp
pH have been shown to affect the adsorption strength of polymeric depressants such as CMC (Wang et
al., 2005, Khraisheh etal., 2005, Bicak etal., 2007, Parolis et al., 2008). In this study, the amount of
solids and water reporting to the concentrate decreased with increasing CMC depressant dosage at each
pyrite feed grade and synthetic plant water type. This decrease varied with ionic strength of plant water
ateach pyrite feed grade as illustrated in Figure 5- 3 and Figure 5- 4. Furthermore, since plant water of
higherionic strength L0SPW, recovered more solids thanthe plantwater of lower ionic strength, 3SPW,
the depressant action at LOSPW was not the same as that at 3SPW when the same depressant dosage
was used. Studies have shown that the amount of inorganic electrolytes in the flotation system have an
effect onthe degree to which CMC and guar depressed the floating gangue (Corinetal., 2011, Manono
etal., 2012). The decrease in water recovery with an increase in depressant dosage at each pyrite feed
grade indicates a reduction in froth stability. This is owing to the removal of the NFG froth stabilising
talc (Wiese et al., 2011, Bradshaw et al., 2005b, Steenberg and Harris, 1984, Shortridge et al., 1999,
Corin etal., 2011).

In this study, two-phase foam stability tests were conducted using a laboratory froth column to quantify
the effect of the ionic strength of plant water on foam height and foam stability. Knowledge of two-
phase (liquid and air bubbles) foams can be used to describe three phase systems (solid, liquid and air
bubbles). Corinetal. (2011) showed that the increase in froth stability in the presence of solids (three-
phase) can be directly related to the increase in the two-phase foam stability of the frother rather than
any changes in the hydrophobicity of the solid particles entering the froth. The findings of this study
showed that as the ionic strength of synthetic plant water was increased from 3SPW to 10SPW, foam
height and foam stability increased as illustrated in Figure 5- 10. This indicates that the amount of
inorganic electrolytes in solution enhanced the foam stability or foamability of the flotation system. It
has been reported that high concentrations of inorganic electrolytes stabilise the froth (Dzingai et al.,
2020, Corinand Wiese, 2014, Manono et al., 2012, Corin etal., 2011) and this is owing to bubble size
reduction and retardation of bubble coalescence when there are high amounts of dissolved inorganic
electrolytes in solution (Manono etal., 2012). Furthermore, the surfactant used for conducting these
tests was a polyglycol ether, Dow 200, which is non-ionic, and its dosage was fixed at 40 g/t, therefore
its performance could not have been significantly affected by the inorganic electrolyte changes as the
ionic strength of plant water was increased. Section 5.1.7 (Chapter 5) evaluated the froth height and
froth stability of the pyrite-based synthetic ore. The findings showed a concurrent increase in froth
height and froth stability as the ionic strength of synthetic plant water was increased at all pyrite feed
grades. This complemented the 2-phase foam stability findings evaluated in Section 5.1.6 (Chapter 5).
This can be attributed to the increased amount of inorganic electrolytes in solution as the ionic strength
of synthetic plant water was increased; which increased the surface tension at the air liquid interface,
generatingsmallerand morestablebubbles with increased surfacearea. These bubbles carry more water
and therefore more solids. These findings are in agreement with previous studies (Dzingai et al., 2020,
Manono etal., 2018, Manonoetal., 2012, Corin etal., 2011). Itis unclear as to why the foam height
and dynamic froth stability data does not correlate with the batch flotation data when varying the pyrite
feed grade at each synthetic plant water type.
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Figure 5- 7 in Chapter 5 evaluated the final concentrate grades and recoveries and showed that the final
Fe recoveries were generally within similar ranges for each pyrite feed grade; ~ 80 to 85% for the 3%;
~ 86 to 90% forthe 6%; ~ 84 to 94% for the 12%. The changes in final Fe recoveries were minimal and
generally not affected by neither varying pyrite feed grade nor ionic strength of plant water nor
depressant dosage. The final Fe grades increased at all depressant dosages and synthetic plant water
types as the pyrite feed grade was increased. This can be attributed to the increased pyrite concentration
as the pyrite feed was increased. As the ionic strength of plant water was increased, final Fe grades
increased with pyrite feed grade at all depressant dosages. This increase could be owing more to the
increased sulphide mineral (pyrite) concentration as the pyrite feed was increased, and less to do with
increased amount of inorganic electrolytes in the system. The reason for this postulation is owing to the
fact that increasing the ionic strength of plant water type at each pyrite feed grade, led to a decrease in
final Fe grades at all depressant dosages asillustrated in Figure 5- 7. Thus, increasing ionic strength of
plant water may have an indirect effect on the final Fe grades in the flotation system.

Final Fe grades increased in conjunction with an increase in depressant dosage at each pyrite feed grade
for both synthetic plant water types. This is owing to the reduction in the amount of NFG reporting to
the concentrate (Corin etal., 2011, Wiese etal., 2011, Bradshaw et al., 2005b, Steenberg and Harris,
1984) , thus less dilution of the grade. The highest final grade for each pyrite feed grade was; ~27% for
3%; ~34% for the 6%; ~ 35% for the 12%. This showed that the increase in Fe gradeswas not directly
proportional to the pyrite feed grade. Furthermore, this showed that generally, the highest Fe grades
were obtained at a CMC dosage of 500g/t, under 3SPW, and this is owing to a reduction in entrainment
of the NFG reporting to the concentrate (which dilutes the grade) and thus results in a reduction in froth
stability (Corinetal., 2011, Wiese etal., 2011, Wiese andHarris, 2012, Bradshaw etal., 2005b).. Vianna
(2004) showed that maximum recovery of sulphide minerals can be achieved in the absence of a
depressant at a collector coverage of about 20%. In this study, the collector was added prior to milling,
and the depressant was added to the flotation system post milling. Thus, assuming homogenous
collector surface coverage on the surface of the sulphide minerals, interference of the depressant with
the hydrophobic sulphide mineral surfaces and collector adsorption would not be expected. However,
the findings of this study showed that there was a reduction in sulphide mineral recovery at high
depressant dosage (500 g/t). This may be indicative of some CMC adsorption onto the hydrophobic
sulphide mineral pyrite, and this affected the floatability of the minerals at high depressant
concentrations.

The majority of the Fe reporting to the concentrate was recovered within the first 2 minutes for each
pyrite... feed grade as illustrated in Figure 5- 5, thus indicating that the flotation rate of Fe was
highest/fastestin the firstconcentrate (C1) across all feedgrades andthis was achieved with about 200g
utilization of synthetic plant water. The fitted kinetic models as evaluated in section 5.3.1 showed a
range of flotation rate constants for each pyrite feed grade, with the lowest flotation rate constant
0.30 mint corresponding to 3% pyrite feed, and the highest flotation rate constant 1.4 min?
corresponding to 6% pyrite feed grade. The lowest flotation rate constant of Fe was obtained under
3SPW while the highest flotation rate constant of Fe was obtained under 1L0SPW. lonic strength of plant
of plant water may have also influenced the flotation rate of Fe such that the rate constant increased as
the amount of inorganic electrolytes in solution increased.

In an attempt to differentiate the entrained from floating gangue, this study considered the UCT high
depressant method. The method assumes that at a high depressant dosage (>300 g/t), all floatable
gangue is depressed and any gangue reporting to the concentrate is owing to entrainment (Corin etal.,
2011, Wiese and Harris, 2012, Wiese, 2009). Studies have shown that the amount of entrained material
reporting to the concentrate is directly proportional to water recoveries (Ekmekgi et al., 2003, Yang and
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Aldrich, 2006, Boyluand Laskowski, 2007). As illustrated by Figure 5- 12and Figure 5- 24, the findings
showed that the proposed method could not quantify entrainment for the synthetic ores used in this
study. Not all the NFG was completely depressed at dosages higher that 500 g/t. 1t should be noted that
the ores used in this study was synthetic and the minerals were fully liberated, unlikereal ores for which
the UCT high depressant method was successful in quantifying entrainment. The rate of recovery of the
total gangue per unit water generally increased with pyrite feed grade at all synthetic plant water types.
Total gangue and water recovery increased with an increase in pyrite feed grade at all synthetic plant
water types. Furthermore, an increase in ionic strength of plant water led to an increase in the total
amount of gangue reporting to the concentrate as the pyrite feed grade was increased. This can be
attributed to the NFG that reported to the concentrate via true flotation even at depressant dosages
greater than 500 g/t as shown in Figure 5- 24. Although an entrainment factor could not be obtained in
this study, other studies have shown that the amount of NFG was reduced to almost zero when the
depressant dosage was increased to 300 g/t (Ekmekgi etal., 2003, Wiese et al., 2007); and increasing
the dosage furtherto 500 g/t ensured that no NFG was recovered, thereby allowing for the determination
of an entrainment factor (Corinetal., 2011). These studies, for which the UCT high depressant method
was successful in quantifying entrainment, made use of a real ore (e.g. Merensky), whereas the ores in
this study were synthetic ore with fully liberated minerals. Itthus could be thatthe UCT high depressant
method is ore specific and not necessarily applicable to all ores.

6.1.2 Galena System

The findings of this study showed that as the galena feed grade increased, solids reporting to the
concentrate increased at all depressant dosages for each synthetic plant water type, while the opposite
was true with water recovery, i.e. water reporting to the concentrate decreased at all depressant dosages
for each synthetic plant water type as the galena feed grade was increased. This increase in solids
recoveryisattributed primarily to the increased hydrophobiccomponent (galena) in the oreas the galena
feed grade was increased, while the decrease in water recovery could be owing to; (i) the floatability of
the sulphide mineral, galena, being affected by the inorganic electrolytes in solution. (ii) galena being
highly hydrophobic (Prestidge and Ralston, 1996, Prestidge and Ralston, 1995, Kocabag et al., 1990),
may have destabilised the bubbles and thereby froth stability as indicated by the decrease in water
recoveries. Water recovery has been reported to be a good indicator of froth stability as stable froths
tend to correspond to an increase in water recovery (Wiese and Harris, 2012). Studies have shown that
depending on the type of mineral present and water chemistry, the floatability of sulphide minerals may
increase or decrease in the presence of inorganic electrolytes (Slatter et al., 2009), and hence it may
have decreased in the case of galena. It could be that there was a destabilisation of the bubbles in the
froth phase owing to galena being highly hydrophobic, such that this led to a decrease in water recovery
and thus froth stability. Studies have shown that high concentrations of inorganic electrolytes stabilise
the froth (Dzingai et al., 2020, Corin and Wiese, 2014, Manono et al., 2012, Corin et al., 2011) and
attributed this to bubble size reduction and retardation of bubble coalescence when there are high
amounts of dissolved inorganic electrolytes in solution (Manono et al., 2012). Klassen and Mokrousov
(1963) attributed this to the fact that inorganic electrolytes reduce the surface hydration of naturally
hydrophobic minerals and provide attractive forces between the mineral particles and air bubbles.
Dishon etal. (2009) postulated that naturally hydrophobic minerals have specific cation adsorptions at
high ionic strength of plant water, which may change the surface charge of the mineral particlesand
yield strong attractive forces between the mineral particles. As illustrated in Figure 5- 15and Figure 5-
16, an increase in the ionic strength of plant water led to an increase in the amount of solids and water
reporting to the concentrate asthe galena feed grade was increased at all depressant dosages. This may
be attributed to two factors; (i) increased ionic strength of plant water increases surface tension at the
air-liquid interface, generating smaller and more stable bubbles with increased surface area. These
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bubbles carry more water and therefore more solids. (ii) the increase in the concentration of the valuable
hydrophobic mineral (galena) reporting to the froth phase as galena feed grade was increased.

Changes in ionic strength of plant water and pulp pH have been shown to affect the adsorption strength
of polymeric depressants suchas CMC (Wangetal., 2005, Khraishehetal., 2005, Bicak et al., 2007,
Parolis et al., 2008). The primary role of a depressant is to prevent the flotation of naturally floatable
gangue (NFG) by adsorbing onto the NFG surface and thus rendering the minerals hydrophilic
(Bradshaw et al., 2005a, Steenberg and Harris, 1984, Shortridge et al., 1999). The amount of solids and
water reporting to the concentrate decreased with an increase in CMC depressant dosage at each galena
feed grade and synthetic plant water type. Figure 5- 15 and Figure 5- 16 illustrate that this decrease
varied with ionic strength of plant water at each galena feed grade. Furthermore, since the amount of
solids reporting to the concentrate was higher for the plant water of higher ionic strength, 10SPW,
compared to the plant water of lower ionic strength, 3SPW, the depressant action at 10SPW was not the
same as that at 3SPW when the same depressant dosage was used. Studies have shown that the amount
of inorganic electrolytes in the flotation system affected the degree to which CMC and guar depressed
the floatinggangue (Manono, 2012, Corinetal., 2011). The decrease in water recovery with an increase
in depressant dosage at each pyrite feed grade indicates a reduction in froth stability. This is owing to
the removal of the NFG froth stabilising talc (Wiese et al., 2011, Bradshaw et al., 2005b, Steenberg and
Harris, 1984, Shortridge et al., 1999, Corin et al., 2011).

In this study, two-phase foam stability tests were conducted using a laboratory froth column to quantify
the effect of ionic strength on foam height and foam stability. Knowledge of two-phase foams can be
used to describe three-phase systems (solid, liquid and air bubbles). Corin et al. (2011) showed that the
increase in froth stability in the presence of solids (three-phase) can be directly related to the increase
in the two-phase foam stability of the frother rather than any changes in the hydrophaobicity of the solid
particles entering the froth. The two-phase findings of this study were evaluated in Chapter 5 and
showed that an increase in ionic strength of synthetic plant water from 3SPW to 10SPW, led to an
increase in foam height and foam stability, as illustrated in Figure 5- 10. This indicated that the amount
of inorganic electrolytes in solution enhanced the foam stability or foamability of the flotation system.
Studies have shown that high concentrations of inorganic electrolytes stabilise the froth (Dzingai et al.,
2020, Corin and Wiese, 2014, Manono et al., 2012, Corin etal., 2011) and attributed this to bubble size
reduction and retardation of bubble coalescence when there are high amounts of dissolved inorganic
electrolytes in solution (Manono et al., 2012). Furthermore, the surfactant used in this study was a
polyglycol ether, Dow 200, which is non-ionic, therefore its performance could not have been
significantly affected by the changes in inorganic electrolytes in solution when ionic strength of plant
water was varied. Section 5.2.6 in Chapter 5 evaluated the froth height and froth stability of the galena-
based synthetic ore. The findings showed a concurrent increase in froth height and froth stability as the
ionic strength of synthetic plant water was increased at all galena feed grades. This can be attributed to
the increased amount of inorganic electrolytes in the solution as the ionic strength of plant water was
increased; which increased the surface tension at the air-liquid interface, generating smaller and more
stable bubbles with increased surface area. These bubbles carry more water and therefore more solids
(Dzingai etal., 2020, Manono et al., 2018, Manono et al., 2012, Corin et al., 2011). The findings of this
study on the stability of the frothcomplemented the 2-phase foamstability findings evaluated in Section
5.1.6, Figure 5- 10. Froth height and froth stability decreased as the galena feed grade was increased at
all synthetic plant water types as illustrated in Figure 5- 22. This may be attributed to two factors; (i)
galena is a highly hydrophobic mineral and thus may have destabilised the bubbles as the galena
concentration was increased, and this in turn led to a decrease in froth stability and froth height. (ii)
Galena is known to have a high specific gravity of about 7.4 to 7.6, it could be that this affected the
bubbles carrying capacity in the froth phase as the galena mineral particles encapsulated the bubbles;
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such that as the concentration of the galena mineral particles increased, the chances of the mineral
particles settlingand drainingthroughthe plateau border was also increased, owingto their density, and
this increased bubble rapture and thereby compromised froth stability as the galena feed grade was
increased within each synthetic plant water type. Ata et al. (2003) reported that highly hydrophobic
particles (6 = 82°) were more capable of destabilising the froth than particles of moderate or
intermediate hydrophobicity (© =66°), and this may be the case with galena. It thus could be that the
galenamineral particles may have been too hydrophobicand heavy forthe bubbles to carry as the galena
feed grade was increased. These findings are also consistent with the 3-phase froth stability results
obtained from the batch flotation tests illustrated in Figure 5- 15 and Figure 5- 16.

The final Pb concentrate grades and recoveries were evaluated in Chapter 5 Figure 5- 19. The findings
showed that the final Pb recoveries were within similar ranges of about 97 to 98% for all galena feed
grades. Thisindicated thatthe final Pb recoveries were generally unaffected by varyingeither the galena
feed grade or the ionic strength of plant wateror depressantdosage. Pb grades increasedatall depressant
dosages and synthetic plant water types as the galena feed grade was increased. This may be attributed
to the increased galena concentration as the galena feed was increased. As the ionic strength of plant
water was increased, final Fe grades increased with galena feed grade at all depressant dosages. This
increase can be attributed more to the increased sulphide mineral (galena) concentration as the galena
feed grade was increased, and less to do with the increased amount of inorganic electrolytes in the
system. The reason for this postulation is since increasing the ionic strength of plant water type at each
galena feed grade, led to a decrease in final Pb grades at all depressant dosages as illustrated in Figure
5-19. Therefore, increasing ionic strength may be having an indirect effect on the final Pb grades in the
flotation system.

Final Pb grades increased in conjunction withan increase in depressant dosage ateach galenafeed grade
for both synthetic plant water types. This is owing to the reduction in the amount of NFG reporting to
the concentrate (Corin etal., 2011, Wiese etal., 2011, Bradshaw et al., 2005b, Steenberg and Harris,
1984) thus less dilution of the grade. The highest final Pb grade for each galena feed grade was; ~34%
for 3%; ~47% for6%; and ~ 50% for 12%. This showed that the increase in Pb grades was not directly
proportional to the galena feed grade. Furthermore, these findings showed the highest Pb grades were
obtained ata CMC dosage of 500 g/t, under 3SPW, and this is owing to a reduction in the entrainment
of the NFG reporting to the concentrate (which dilutes the grade) and thus results in a reduction in froth
stability (Corin etal., 2011, Wiese etal., 2011, Wiese and Harris, 2012, Bradshaw et al., 2005b). It was
shown by Vianna (2004) that maximum recovery of sulphide minerals can be achieved in the absence
of a depressant at a collector coverage of about 20%. In this study, the collector was added before
milling, and the depressant was added to the flotation system post-milling. Thus, assuming homogenous
collector surface coverage on the surface of the sulphide minerals, interference of the depressant with
the hydrophobic sulphide mineral surfacesand collector adsorption would not be expected. Howevet,
the findings of this study showed that there was a reduction in sulphide mineral recovery at high CMC
concentrations (500 g/t). This may be indicative of some CMC adsorption onto the hydrophobic
sulphide mineral galena, and this affected the floatability of the minerals at high depressant
concentrations.

Varying the galena feed grade affected the flotation rate of Pb. The majority of the Pb was recovered
within the first 2 minutes of the batch flotation tests for each galena feed grade as illustrated in Figure
5- 17, thus the flotation rate of Pb was highest/fastest in the first concentrate (C1) across all feed grades
and this was achieved with about 200 g utilisation of synthetic plant water. The fitted kinetic models as
evaluated in Section 5.3.2 showed a range of flotation rate constants for each galena feed grade, with
the lowest flotation rate constant of Pb, 0.52 min corresponding to 6% galena feed grade while the
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highest flotation rate constant of Pb correspondsto 12% galena feed grade. The lowest flotation rate
constant of Pb was obtained under 3SPW while the highest flotation rate constant of Pb was obtained
under 10SPW. The ionic strength of plant of plant water may have influenced the flotation rate of Pb
such that the rate constant increased as the amount of inorganic electrolytes in the solution increased.
Furthermore, the findings illustrated in Section 5.3.2 Table 5- 2, generally showed that the flotation rate
of Pb increased with galena feed grade, with the highest rate constant for the low galena feed grade
(3%) being 0.903 min* and that of the high galena feed grade (12%) being 1.095 min. It could be that
as the concentration of the sulphide mineral was increased with galena feed grade, the rate of Pb
recovery also increased.

This study considered the UCT high depressant method in an attempt to differentiate the entrained from
floating gangue. The method assumes that at a high depressant dosage (>300 g/t), all floatable gangue
is depressed and any gangue reporting to the concentrate is owing to entrainment (Corin etal., 2011,
Wiese and Harris, 2012, Wiese, 2009). Previous studies have shown that the amount of entrained
material reporting to the concentrate is directly proportional to water recoveries (Ekmekgi et al., 2003,
Yangand Aldrich, 2006, Boylu and Laskowski, 2007). Figure 5- 23 and Figure 5- 24 showed that the
proposed method could not quantify entrainment for the synthetic ores used in this study. Not all the
NFG was completely depressed at dosages higher than 500 g/t. It is worth noting that the ores used in
this study were synthetic and the minerals were fully liberated, unlike real ores for which the UCT high
depressant method was successful in quantifying entrainment. The rate of recovery of the total gangue
perunitwater generally increased with galenafeed gradeatall synthetic plantwater types. Total gangue
increased with an increase in galena feed grade atall synthetic plant water types, while the opposite was
true with water recovered decreased, i.e. water reporting to the concentrate decreased with an increase
in galena feed grade at all synthetic plant water types. Furthermore, an increase in the ionic strength of
plant water led to an increase in the total amount of gangue reporting to the concentrate as the galena
feed grade was increased. This could be primarily due to the NFG that reported to the concentrate via
true flotation, even at depressant dosages greater than 500 g/t as illustrated in Figure 5- 24,

6.2 How does a simultaneous change in ore feed grade and ionic strength of
plant water affect froth stability and flotation performance?

6.2.1 Pyrite System

The interpretation of the flotation response can be complex owing to the interactive effects which may
be present in the sub-processes of flotation (Bradshaw et al., 2005b). This study showed that solids and
water reporting to the concentrate increased with a simultaneous increase in pyrite feed grade and ionic
strength of plant water type at all depressant dosages. The highest solid recovered for each pyrite feed
grade was: ~ 75 g for 3%, ~ 100 g for6%, and ~ 162 g for 12%. This could be attributed to two factors;
(i) the increasedamount of hydrophobicsulphide mineral, pyrite, as the pyrite feed gradewas increased,
may have promoted the amount of solids reporting to the froth phase. (ii) increasing the ionic strength
of plantwater increasesthe surfacetension at the air-liquid interface, generatingsmallerand more stable
bubbles with increased surface area. These bubbles carry more water and therefore more solids. Studies
have shown that high concentrations of inorganic electrolytes stabilise the froth (Dzingai et al., 2020,
Corin and Wiese, 2014, Manono et al., 2012, Corin et al., 2011) and attributed this to bubble size
reduction and retardation of bubble coalescence when there are high amounts of dissolved inorganic
electrolytes in solution (Manono et al., 2012). Klassen and Mokrousov (1963) attributed this to the fact
that inorganic electrolytes reduce the surface hydration of naturally hydrophobic mineralsand provide
attractive forces between the mineral particlesand air bubbles. The two factors postulated may have
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had a direct effect on one another and thereby froth stability and flotation performance, as measured by
solids and water recovery. Furthermore, the froth height and froth stability evaluated in Chapter 5,
Section 5.1.7, showed that a simultaneous increase in pyrite feed grade and ionic strength of plant water
led to an increase in froth height and froth stability. This could also be attributed to two factors; (i) the
increased hydrophobic component, pyrite, as the pyrite feed grade was increased. (ii) the increased
amount of inorganic electrolytes in solution as the ionic strength of plant water was increased improved
froth height and stability with the increase in pyrite feed grade. Dishon etal. (2009) postulated that
naturally hydrophobic minerals can adsorb specific cations at high ionic strength of solution, which
may change the surface charge of the mineral particlesand yield strong attractive forces between the
mineral particles. These findings complement the batch flotation froth stability findings and indicate
that a simultaneous increase in pyrite feed grade and ionic strength improved froth stability and
therefore flotation performance.

The final Fe recoveries were generally within similar ranges for each pyrite feed grade; ~ 80 to 85% for
3%; ~ 86 to 90% for 6%; and ~ 84 to 94% for the 12%. These minimal changes in final Fe recoveries
indicated that neither varying pyrite feed grade nor ionic strength of plant water or depressant dosage
affectedthe final Fe recoveries. Therefore, a simultaneouschange in pyrite feed grade and ionic strength
of plant water also had no effect on the final Fe recoveries, as illustrated by Figure 5- 7 in Chapter 5. A
simultaneous increase in pyrite feed grade and ionic strength of plant water led to an increase in final
Fe grade at all depressant dosages. This can be attributed primarily to the increased hydrophobic
mineral, pyrite, as the pyrite feed grade was increased. It can be postulated that the increased
hydrophobic component promoted the recovery of Fe reporting to the concentrate grade and thereby
improved flotation performance.

6.2.2 Galena System

The interpretation of the flotation response can be complex owing to the interactive effects which may
be present in the sub-processes of flotation (Bradshaw et al., 2005b). As aforementioned, high
concentrations of inorganic electrolytes yield strong attractive forces between the mineral particles
(Dishon etal., 2009), and high ionic strengths of plant water stabilise the froth (Dzingai et al., 2020,
Corin and Wiese, 2014, Manonoetal., 2012, Corin etal., 2011). The floatability of sulphide minerals
may increase or decrease in the presence of inorganic electrolytes depending on the type of minerals
presentand water chemistry (Slatteretal., 2009). The findings of this study showed that simultaneously
increasing the galenafeed grade and ionic strength of plant water type, led to an increase in solids and
water reporting to the concentrate at all depressant dosages. This could also be attributed to the two
factors as previously mentioned; hydrophobic sulphides and increased carrying capacity of the bubbles.
These factors may have had a direct effect on one another and thereby flotation performance and froth
stability. Furthermore, the froth column findings evaluated in Chapter 5, Section 5.2.6, showed that a
simultaneous increase in galena feed grade and ionic strength of plant water type led to a slight increase
in froth heightand froth stability. It could be that the increased mineral attachment and accumulation
of the highly hydrophobicmineral galena onto the bubblessurface, destabilised the bubbles and thereby
led to the slight decrease in froth height and froth stability. These findings complement the batch
flotation findings and indicate that a simultaneous increase in galena feed grade and ionic strength of
plant water improved froth stability and flotation performance as measured by solids and water
recovery.

The findings of this study showed that final Pb recoveries were within similar ranges about 97 to 98%
for all galena feed grades and that the ranges were too similar and almost indistinguishable. This
indicated that the final Pb recovered was unaffected by changes in neither galena feed grade nor ionic
strength of plant water or depressant dosage. Hence, simultaneously varying the galena feed grade and
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ionic strength had no effect on froth stability and flotation performance asillustrated by Figure 5- 17 in
Chapter 5. The final Pb grades increased with a simultaneous increase in galena feed grade and ionic
strength of plant water type at all depressant dosages. This could primarily owing to the increased
amount of hydrophobic sulphide mineral, galena, in the froth phase, as the galena feed grade increased.
This may have promoted the recovery of Pb reporting into the concentrate grade and thus improved
flotation performance.

6.3 How does a combination of varying ore feed grade and ionic strength of

plant water affect gangue recovery?

As mentioned previously, this study made use of the UCT high depressant method in an attempt to
differentiate entrained gangue from floating gangue (Corinetal., 2011, Wiese and Harris, 2012, Wiese,
2009). Studies have shown a successful reduction in the amount of NFG to almost zero when the
depressant dosage was increased to 300 g/t (Ekmekgi etal., 2003, Wiese etal., 2007); while Corin et
al. (2011) further showed that increasing the dosage further to 500 g/t, ensured that no NFG was
recovered, thereby allowing for the determination of an entrainment factor (Corin etal., 2011). These
studies made use of real ores unlike the synthetic ores used in this study, which consisted of fully
liberated minerals and only two gangue mineral phases; quartz and talc. Due to the fact that an
entrainment factor could not be attained in this study, the effect that a combination of varying ore feed
sulphide grade and ionicstrength of plantwater has on entrainment could notbe determined. The UCT
high depressant method is therefore shown to be ore specific. This study has shown that not all the NFG
was completely depressed at dosages as high as and higher than 500 g/t. The rate of recovery of the
total gangue per unit water generally increased with ore sulphide feed grade under all synthetic plant
water types. Total gangue and water recovery increased with an increase in ore feed sulphide grade at
all synthetic plantwater types. Simultaneously increasing the ore feed sulphide grade andionic strength
of plant water generally led to an increase in the total gangue and water reporting to the concentrate at
all depressant dosages. This could be owing to; (i) the increase in sulphide mineral concentration as the
ore feed sulphide grade was increased, and (ii) the increase in dissolved inorganic electrolytes as the
ionic strength of plant water was increased (Dzingai et al., 2020, Manono etal., 2018, Manono et al.,
2012, Corin et al., 2011) and entrainment of gangue minerals.

6.4 Effect of varying ore feed grade on pulp chemistry as measured by Eh, pH,
DO, EC and TDS?

6.3.1 Pyrite System

The findings of this study showed that there was no significant effect on the pulp chemistry parameters
Eh, pH, DO, EC and TDS, when either the pyrite feed grade or depressant dosage was varied. Varying
the ionic strength of plantwater did however have an effecton the EC and TDS atall pyrite feed grades,
which was expected. An increase in the ionic strength of synthetic plant water from 3SPW to 10SPW
led to an average EC and TDS increase from 3369.57 mV and 1684.79 ppm to 9681.25 mV and
4841.46 ppmfor C1, and from 3523.63mV and 1761.77 ppmto 10126.01 mV and 5064.31 ppm for
thetails, as shown in Appendix D1. This couldbe owingto the increasedamount of dissolved inorganic
electrolytes asthe ionic strength of plant water was increased from 3SPW to 10SPW. Furthermore, EC
and TDS measurements were higher for the tails than those of C1 at all synthetic plant types and pyrite
feed grades. This is owing to the difference in residence time for the dissolution of mineral species into
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the aqueous phase; C1 was collected after only milling, while tails were collected after milling and
20 minutes of flotation.

6.3.2 Galena System

The batch flotation findings from the galena system showed that there was no significant effect on the
pulp chemistry parameters Eh, pH, DO, EC and TDS, when either the galena feed grade or depressant
dosage was varied. However, varying the ionic strength of plant water did have an effect on the EC and
TDS at all galena feed grades, which was expected. Increasing in the ionic strength of synthetic plant
water from 3SPW to 10SPW led to an average EC and TDS increase from 3205.58 mV and
1602.75 ppm to 9514.91 mV and 4757.91 ppm for C1, and from 3355.14 mV and 1677.56 ppm to
9863.82 mV and 4932.66 ppm for the Tails, as shown in Appendix D2. This could be owing to the
increased amount of dissolved inorganic electrolytes as the ionic strength of plant water was increased
from 3SPW to 10SPW. Furthermore, EC and TDS measurements were higher for the tails than those of
C1l atall synthetic plant types and galena feed grades, in the same manner as for the pyrite system.
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Chapter 7. Conclusion

The primary objective of this study was to develop a relationship between ore feed grade and flotation
performance. In order to establish this relationship, itwas considered necessary to investigate the impact
of varying ore feed grade on froth stability, entrainment and flotation performance under varying water
qualities. The study considered two synthetic ore types; a pyrite-based synthetic ore, whereby pyrite
was the valuable mineral, and a galena-based synthetic ore whereby galenawas the valuable mineral.
The relationship between the key performance indicators and the factors influencing them could then
be constructed by focusing on the studies objectives and essentially answering the formulated four key
questioned outlined in Chapter 3. It was in answering these key questions that the validity of the
postulated hypothesis could then be assessed.

7.1 What effect does varying ore feed grade have on froth stability and flotation
performance?

7.1.1Pyrite System

This study showed that increasing the pyrite feed grade led to an increase in the amount of solids and
water reporting to the concentrate at all ionic strength of plant water types and depressant dosages. This
was attributed to the increased hydrophobic component (pyrite concentration) as the pyrite feed grade
was increased. Increasing the ionic strength of synthetic plant water type increased the solids and water
reporting to the concentrate as the pyrite feed grade was increased at all depressant dosages, and this
was attributed to the increased amount of inorganic electrolytesin solution as ionic strength of plant
water was increased. Water recovery is a good indicator of froth stability and the increased water
recovery with increase in pyrite feed grade thus indicated stable froths and was further validated by
froth height and froth stability results obtained from the froth stability tests conducted. Thus, froth
stability and flotation performance was improved when pyrite feed grade was increased as measured by
the amount of water and solids recovered.

There was no apparent effect on the final Fe recovery when either pyrite feed grade, ionic strength of
plant water type or depressant dosage was varied. Increasing the pyrite feed grade led to an increase in
Fe grades at all synthetic plant water types and depressant dosages, and this was attributed to the
increase in concentration of the pyrite as the hydrophobic component was increased. However, this
increase was not directly proportional to the pyrite feed grade (hydrophobic component). Furthermore,
the final Fe grades increased in conjunction with depressant dosage at each pyrite feed grade for all
synthetic plant water types, owing to the reduction in NFG reporting to the concentrate, which dilutes
the grade. The increased Fe grades as the pyrite feed grade was increased showed an indication of an
enhancement in the flotation performance as measured by the grade.

7.1.2 Galena System

An increase in the amount of solids reporting to the concentrate was seen when the galena feed grade
was increased at all depressant dosages, while the opposite was true for water recovery, i.e. water
reporting to the concentrate decreased as the galena feed grade was increased at all depressant dosages.
The increase in solids recovery was attributed to the increased hydrophobic component (galena
concentration) asthe galenafeed grade was increased, while the decrease in water recovery was thought
to have been owing to galena being highly hydrophobic such that the mineral destabilised the bubbles
once it reached the froth phase, however, was still able to reach the concentrate. Increasing the ionic
strength of synthetic plant water type increased the amount of solids and water reporting to the
concentrate when the galena feed grade was increased at all depressant dosages, agreeing with the
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current literature. This was attributed to smaller bubbles carrying more water and therefore solids as the
ionic strength increased, as well as the increased hydrophobic component as the galena feed grade was
increased. The dynamicfroth stability findings showed that the f roth heightand frothstability decreased
with an increase in galena feed grade and this correlated with the batch flotation water recoveries. It
was therefore concluded that although the flotation performance was improved when galena feed grade
was increased, froth stability was compromised mainly owing to galena being a highly hydrophobic
mineral such that high concentrations of the mineral destabilised the bubbles.

Varying either the galena feed grade, ionic strength of synthetic plant water type or depressant dosage,
had no apparent effect on the final Pb recoveries. The final Pb grades increased with galena feed grade
at all depressant dosages and synthetic plant water types, and this was owing to an increase in the
hydrophobic component in the ore. However, the increase in Pb grades was not directly proportional to
the initial hydrophobic component added. An increase in ionic strength of synthetic plant water type
led to an increase in final Pb grades as the galena feed grade was increased at all depressant dosages.
Furthermore, final Pb grades increased in conjunction with depressant dosage at each galena feed grade
for all synthetic plant water types, and this was attributed to the reduction in the amount of NFG
reporting to the concentrate, thus less dilution of the grade.

7.2 How does a simultaneous change in ore feed grade and ionic strength of
plant water affect froth stability and flotation performance?

7.2.1 Pyrite System

Simultaneously increasing the pyrite feed grade and ionic strength of synthetic plant water led to an
increase in the amount of solids and water reporting to the concentrate at all depressant dosages. This
was due to the increased amount of inorganic electrolytes in solution and increased hydrophobic
component as the pyrite feed grade was increased. Dynamic froth stability and froth height increased
with a simultaneous increase in pyrite feed grade and ionic strength of synthetic plant water.

The final Fe recoveries were generally unaffected by a simultaneous change in pyrite feed grade and
ionic strength of plant water at all depressant dosages. Final Fe grades increased with a simultaneous
increase in pyrite feed grade and ionic strength of synthetic plant water at all depressant dosages, and
this led to the postulation that increasing the hydrophobic component and the ionic strength may have
both promoted Fe recovery and thereby improved flotation performance.

7.2.2 Galena System

Solids and water recovery reporting to the concentrate increased concurrently when the galena feed
grade and ionic strength of synthetic plant water were simultaneously increased at all depressant
dosages. Furthermore, simultaneously increasing the galena feed grade and ionic strength of synthetic
plant water type led to anincrease in the dynamic froth stability and froth height. Thiswas attributed to
the increased concentration of the hydrophobic component and amount of inorganic electrolytes in
solution when the galena feed grade was increased.

A simultaneous change in galena feed grade and ionic strength of plant water showed no apparent effect
on the final Pb recoveries at all depressant dosages. Pb grades increased at all depressant dosages when
the galena feed grade and ionic strength of plant water type were simultaneously increased.

79|Page



7.3 How does a combination of varying ore feed grade and ionic strength of

plant water affect gangue recovery?

This study has shown that simultaneously increasing the ore feed sulphide grade (pyrite feed grade or
galena feed grade) and ionic strength of synthetic plant water generally led to an increase in the total
gangue and water reportingto the concentrateatall depressantdosages. Furthermore, the rate of gangue
recovery per unit water generally increased with ore feed sulphide grade at all synthetic plant water
types. This agrees well with the current literature.

7.4 What effect does varying the ore feed grade have on pulp chemistry as

measured by Eh, pH, DO, EC and TDS?

This study has shown that varying ore feed sulphide grade (pyrite feed grade or galena feed grade) had
no significant effect on the pulp chemistry parameters Eh, pH, DO, EC and TDs. However, varying the
ionic strength of plantwater did have an effecton the ECand TDSatall pyrite feed grades, as expected,
owing to the increased amount of inorganic electrolytes in solution as the ionic strength was increased.

7.5 Response to the Hypotheses of this Study
In light of the hypotheses proposed in Chapter 3;

(i) Froth stability is determined by the hydrophobic components within an ore. A higher feed grade

yields a more stable froth when the feed grade is higher owing to a higher proportion of
hydrophobic minerals.
Higher ore feed sulphide grades, corresponding to higher hydrophobic component concentrations,
led to higher amount of solid mass and water reporting to the concentrate for the pyrite -based
synthetic ore at all depressant dosages. The concentration of the hydrophobic component and type
of mineral present in the feed played an important role in the flotation performance and dynamic
froth stability of the synthetic ores investigated. The dynamic froth stability findings of the pyrite-
based synthetic ore generally showed no apparent variation in froth height and dynamic froth
stability when the hydrophobic concentration component was varied. Furthermore, increasing the
hydrophobic component’s concentration generally had no apparent effect on the Fe recovery whilst
increasing the Fe grades at all depressant dosages.

Galena is a highly hydrophobic mineral, and the findings of this study showed that increasing its
concentration in the feed destabilised the froth; dynamic froth stability and froth height decreased
with an increase in galena feed grade, such that higher concentrations of the hydrophobic
component (galena) also reported lower water recovery from the batch flotation tests. The mass of
solids reporting to the concentrate did however increase with increased concentration of the
hydrophobic component (galena). Higher concentrations of galena in the feed led to higher Pb
gradesatall depressant dosages buthad no apparenteffect on the Pb recovery since the Pb recovery
remained generally unaffected for all the hydrophobic component concentrations considered in this
investigation.

This study has shown that froth stability is determined by the hydrophobic componentsin the ore.
However, higher concentrations of the hydrophobic component do not alwaysyield a more stable
froth, it dependson the type of hydrophobic mineral component present. Thus, depending on the
mineralogy of the ore, hypothesis one can be true.
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(if) The ionic strength of plant water is a strong determinant of froth stability due to its effects on the
behaviour of hydrophobic and hydrophilic components. A low feed grade at a high ionic strength
water causesan increase in waterandgangue minerals recovery, which in turnyields a morestable
froth.

Higher amount of inorganic electrolytes in solution and their corresponding ionic strengths of plant
water yielded higher water and solids recovery in comparison to lower ionic strengths of plant
water, and thereby more stable froths and an enhancement in the flotation performance.

This study has shown that a low feed grade at high ionic strength of synthetic plant water led to an
increase waterand gangue recovery, which in turn yielded more stable froths and thus proving the
second hypothesis to be correct.

7.6 Relevance to Industry

The depletion of high-grade ore deposits to low-grade and more complex ores has posed a serious
processing challenge for the mining industry to increase metal production owing to the rising demand
for metals to meet the demand for our technologically driven future. As such, the findings of this study
may be key for metallurgical operations whereby pyrite is considered to be non-valuable; such
operations may need to implement early strategies for managingthe recovery of pyrite in futureas there
is a greater chance that the mineral will report to the concentrate the more ores deplete with time. This
work may also be a positiveindicator for metallurgical plants which consider pyriteto be valuable, such
as in gold processing, this is because the findings of this work have shown that there would still be a
greater chance of recovering the pyrite associated with gold even at lower feed grades.

Galena is a major source of commercial lead and as such, metallurgical operations which mine lead
may find the findings of thiswork as a positivefor their production; this is becausethis work has shown
that there is still a greater chance of recovering galena even at lower feed grades.

The kind of knowledge contribution of this study may be key for the mining industry and metallurgical
plants that have incorporated a closed-circuit water system in their operations. Recycled water may
contain deleterious ions and thereby higher ionic strengths, however, this work has shown that higher
ionic strengths should not have adverse effects on the overall flotation performance as measured by the
Fe and Pb recoveries, as such, metallurgical plants motivated by recovery are encouraged to continue
recycling onsite process water. Furthermore, grade was seen to be impacted significantly by changing
water quality, andas such, operations thatare motivated by grade should consider the recycling of water
carefully. Appreciating that this water quality studies have been seen to be ore dependent and so
operational response to water quality should be done on an ore — ore basis.
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Chapter 8. Recommendations and Future Work

In light of the results and conclusions drawn, the following recommendations are put forward;

>

>

Use alternative entrainment methods such as the use of a tracer to determine an entrainment
factor from synthetic ores.

Floatability tests comparing the minerals pyrite and galena through the use of a polymetallic
bearing synthetic ore system could add value to current knowledge and research in sulfide
flotation.

Adsorption tests should be conducted in order to determine the extent to which depressants
adsorb onto gangue mineral surfaces for synthetic ore systems with varying sulfide feed grade.
Investigating the effects of varying ore feed grade and water quality on flotation performance
by making use of a collector less system should be conducted to help make an inference on the
natural hydrophobicity and floatability of the minerals in the system.

A study on whether there is a threshold hydrophobic component(s) concentration from which
optimum flotation performance can be attained with regards to water quality should be
conducted.

A case study in which the findings obtained from this study are compared to a real ore could
help to infer on the differences in the trends obtained.

Application of machine learning in an attempt to develop a predictive model(s) from which
flotation performance when the ore feed and water qualities are known.
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Appendices

Appendix A: Flotation Data
A.l. pyrite system:

i) final solids and water recovery.

The solid/water recovery shows that the solids per unit water reporting to the concentrate were not
directly proportional to the feed grade.
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ii) Cumulative Water vs. Time

Figure a, b and c illustrates the cumulative water recovered vs. time for each respective pyrite feed
grade under the tested conditions. Water recovered per unit time generally increased with increasing
pyrite feed grade, with water recoveries increasing in the order 3% (blue) > 6% (orange) >12% (grey),
i.e., cumulative water recovered per unit time in Figure a > b > c.
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Figure a: Cumulative water recovered Vs. Time for the 3% pyrite feed grade under the tested.
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Figure b: Cumulative water recovered Vs. Time for the 6% pyrite feed grade under the tested.
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Figure c: Cumulative water recovered Vs. Time for the 12% pyrite feed grade under the tested.

A.2. galena system:

i) final solids and water

The solid/water recovery shows that the solids per unit water reporting to the concentrate were not
directly proportional to the feed grade.
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i) Cumulative Water vs. Time

Figure d, e and f illustrates the cumulative water recovered vs. time for each respective galena feed
grade under the tested conditions. Water recovered per unit time generally decreased with increasing
galenafeed grade, with water recoveries decreasingin the order 3% (blue) >6% (orange) >12% (grey),
i.e., cumulative water recovered per unit time in Figure d >e > f.
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Figure d: Cumulative water recovered Vs. Time for the 3% galena grade under the tested conditions.
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Figure e: Cumulative water recovered Vs. Time for the 6% galena feed under the tested conditions.
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Figure f: Cumulative water recovered Vs. Time for the 12% galena feed under the tested conditions.
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Appendix B: Concentrate grades

B.1. pyrite system
I) Cumulative Fe recovery vs. Time

Figures g, h and i illustrates for each respective pyrite feed grade, the decrease in Fe recovery per unit
time with increasing depressant dosage. This effect is shown by the markers generally arranged in the
order triangle (0 g/t) > diamond (100 g/t) > square (500 g/t).
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Figure g: Cumulative Fe recovery Vs. cumulative time for the 3% pyrite feed under the tested
conditions.
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Figure h: Cumulative Fe recovery Vs. cumulative time for the 6% pyrite feed under the tested
conditions.
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Figure i: Cumulative Fe recovery Vs. cumulative time for the 12% pyrite feed under the tested
conditions.
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i) Cumulative Fe recovery vs. Water

Figure j, k and I illustrates the cumulative Fe recovered vs. water for each respective pyrite feed grade
under the tested conditions. Cumulative Fe and water increased with an increase in pyrite feed, with Fe
recovery and water recovery increasing in the order 3% (blue) < 6% (orange) < 12% (grey).
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Figure j: Cumulative Fe recovery Vs. cumulative water recovered for the 3% pyrite feed under the
tested conditions.
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Figure k: Cumulative Fe recovery Vs. cumulative water recovered for the 6% pyrite feed under the
tested conditions.
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Figure I: Cumulative Fe recovery Vs. cumulative water recovered for the 12% pyrite feed under the
tested conditions.

B.2. galena system

1) Cumulative Pb Recovery vs. Time

Figures m, n and o illustrates for each respective galena feed grade, the decrease in Pb recovery per unit
time with increasing depressant dosage. This effect is shown by the markers generally arranged in the
order triangle (0 g/t) > diamond (100 g/t) > square (500 g/t).
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Figure m: Cumulative Pb recovery Vs. cumulative time for the 3% galena feed under the tested
conditions.
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Figure n: Cumulative Pb recovery Vs. cumulative time for the 6% galena feed under the tested
conditions.
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Figure o: Cumulative Pb recovery Vs. cumulative time for the 12% galena feed under the tested
conditions.

i) Cumulative Pb recovery vs. Water

Figures p, g and r illustrates for each respective galena feed grade, the decrease in Pb recovery per unit
water with increasing depressant dosage. This effect is shown by the markers generally arranged in the
order triangle (0 g/t) > diamond (100 g/t) > square (500 g/t).
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Figure p: Cumulative Pb recovery Vs. cumulative water recovered for the 3% galena feed under the
tested conditions.
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Figure g: Cumulative Pb recovery Vs. cumulative water recovered for the 6% galena feed under the
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Figure r: Cumulative Pb recovery Vs. cumulative water recovered for the 12% galena feed under the

tested conditions.
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Appendix C: Total Gangue Recovery

C.1. pyrite system:

The total gangue recovery for the pyrite-based synthetic ore at 0 and 100 g/t CMC depressant dosage,
under 3 and 10SPW, respectively.
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C.2. galena system:

The total gangue recovery for the galena-based synthetic ore at 0 and 100 g/t CMC depressant dosage,
under 3 and 10SPW, respectively.
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Appendix D: Pulp Chemistry Data

D.1. Pyrite system:
PYRITE PULP CHEMISTRY

D.2. Galena system:

GALENA PULP CHEMISTRY
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https://figshare.com/s/b5cedbf4467cfee58d37

Appendix E: Experimental Data

E.1. Online Files:
All the data regarding this study has been compiled and made available online as outlined:

1. All batch flotation data and calculations, as well as mineral assays for the pyrite system:
PYRITE SYSTEM

2. All batch flotation data and calculations, as well as mineral assays for the galena system:
GALENA SYSTEM

3. All dynamic foam/froth stability data and calculations for the 2-phase system as well as the
3-phase pyrite system: PYRITE COLUMN

4. All dynamic froth stability dataand calculations for the galena system: GALENA COLUMN
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