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ABSTRACT

Precious and core metals, such as copper, are essential for the development and
improvement of modern-day technologies. As a high proportion of precious metals are found
in sulfide minerals, the efficiency of sulfide mineral beneficiation processes is significant.
Current beneficiation processes, namely froth flotation, are optimised for high-grade ore
using harmful inorganic chemicals to produce a separation efficiency of no more than 80%.
This inefficient separation leads to high metal content in mine tailings, which has been linked
to environmental issues such as acid mine drainage. As the depletion of high-grade ore
continues, beneficiation processes need to evolve to produce more efficient and ecofriendly

refinement processes for low-grade ore.

This thesis investigates the optimisation of chalcopyrite recovery through bio-flotation from
a mixed mineral system using bioleach microbes, Leptospirillum ferrooxidans and
Acidithiobacillus ferrooxidans, and their metabolic products. To identify the conditions for
optimal recovery, the impact of growth conditions on the behaviour of Leptospirillum
ferrooxidans and Acidithiobacillus ferrooxidans, and composition of their Extracellular
Polymeric Substances (EPS), is required. Investigating this will increase the understanding
around what parameters in the bio-flotation system influences the separation and recovery

of chalcopyrite.

A combination of microscopic and spectroscopic techniques were used to investigate the
interactions between both L. ferrooxidans and A. ferrooxidans with pyrite and chalcopyrite
mineral surfaces. These interactions are key in understanding microbial, and bio-reagent,
implications on minerals processing of sulfide minerals. Scanning electron microscopy was
used to determine preferential attachment and mechanisms of both L. ferrooxidans and
A. ferrooxidans. Preferential attachment was observed for L. ferrooxidans but not
A. ferrooxidans. This indicates A. ferrooxidans has greater resilience to changing growth
conditions and toxic metals, stemming from their ability to utilize both iron and sulfur
oxidative pathways to produce energy. This study indicates that the mechanism of

attachment is dependent on the growth condition and not the bacterial strain.



Evidence of EPS production and biofilm formation was identified in both bacterial strains with
discernible differences observed in the presence and attachment. The A. ferrooxidans were
identified to produce both EPS and biofilm before the L. ferrooxidans. Investigating the link
between metabolic products and flotation behaviour was made through micro-flotation tests.
The presence of bacterial cells, either L. ferrooxidans or A. ferrooxidans, directly impacts the
recovery of mineral by increasing the suppression of all minerals within the system. Removal
of cells from the system resulted in selective suppression of pyrite, with the degree of
suppression dependent on the strain and growth condition. Contact angle measurements
support this, with an increase in heterogenicity and wettability of the pyrite surface when

exposed to EPS supernatant and minimal change observe on the chalcopyrite surface.

Photoemission spectroscopy and X-ray photoelectron spectroscopy was used to analyse the
surface states of pyrite and chalcopyrite exposed to bacterial cells and extracellular polymeric
substances. Investigation of the surface chemistry changes can help the flotation behaviour
observed be further understood. Analysis confirms the EPS can interact with mineral surfaces
with and without the presence bacterial cells. PEEM analysis indicates that the EPS
components show preferential oxidation of pyrite in a mixed mineral system, with
preferential attachment of EPS to pyrite up to 72 h. The increase in complex organic
molecules, identified to contain amides and carboxylic acids, correlates with the changes in
flotation behaviour, with the primary EPS component identified as polysaccharides. This
finding supports the notion that EPS and its composition is a key factor in the successful

separation of chalcopyrite from pyrite in bio-flotation.

Vi
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Chapter 1: Introduction

1 INTRODUCTION

With approximately 240,000 km? of Earth’s land area affected by mining [1], negative effects
of the mining/minerals processing sector are continuously being scrutinised. While the mining
sector is currently Australia’s largest primary industry, and was responsible for 10.4% of
Australia’s Gross Domestic Product (GDP) between 2019 and 2020, environmental costs and
challenges remain [2]. As the mining sector and demand for precious metals increases, the
high purity resources are predicted to decrease, leading to the need for more efficient
processing procedures for low grade ore [1,3,4]. As lower grade ore has more impurities, the
resulting ore mineralogy is complex, creating challenges for separation [5]. Therefore,
separation and refinement will likely become a key process in copper recovery. Consequently,
the use of bacteria in minerals processing has been investigated, with the main focus
concerning leaching, environmental impact and economic viability of minerals processing
[4,6]. Bio-beneficiation through bio-leaching of sulfide minerals has been thoroughly studied,
with the focus primarily on mesophilic iron and/or sulfur oxidising microbes Acidithiobacillus
ferrooxidans (A. f formally T. ferrooxidans), Acidithiobacillus thiooxidans (A.t), and
Leptospirillum ferrooxidans (L. f) [5,7-15]. More recently, bio-flotation has been investigated
for the beneficiation of low-grade ore with the focus on the replacement of traditional
reagents with bacteria and their metabolic products. This field of research has advanced

through the pioneering work of Natarajan et al. [7,8,15-21].

Separation of chalcopyrite from gangue minerals such as pyrite is commonly achieved
through a physico-chemical technique known as froth flotation [22]. The selective
modification of the surface physico-chemical properties of the minerals is crucial for
successful separation, the addition of inorganic and highly selective chemicals such as
xanthates and cyanides are often used to enhance the efficiency of separation [18,22]. The
use of these chemicals along with sulfide mineral processing are known to have a detrimental

effect on the environment through their contribution to acid mine drainage [6,20].

This thesis has been divided into seven chapters, with the following chapter presenting a
detailed literature review of the current literature surrounding sulfide minerals processing
including the fundamentals of the theory, methods and approaches required for this project.

Materials and general methodologies for this study are presented in chapter three. This
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includes detailed information of the minerals used, including mineralogical and compositional

information, growth conditions of the bacteria and Archaea, and analysis techniques.

Chapters four to eight are devoted to the experimental investigation and discussion of results.
Each of these experimental chapters contains an introduction into the research field,
including where the research contributes to knowledge, presentation of results with a

discussion of their implications, followed by a summary of the section.

Chapter four presents the preliminary bio-flotation studies of Leptospirillum ferrooxidans for
the separation of pyrite and chalcopyrite. This chapter includes the optimisation of the
modified Hallimond tube for micro-flotation experiments. This investigation was carried out
to determine the differences in attachment behaviour of the microbes grown in different

growth conditions, and to determine potential bio-reagents.

Chapter five further investigates the use of Leptospirillum ferrooxidans EPS components for
the validity of use as a bio-reagent mineral separation. This chapter includes surface
chemistry analysis of chalcopyrite, pyrite and haematite using photoemission electron

microscopy to explore the interactions between EPS components and mineral surface.

Chapter six expands on the ideas presented in the previous chapters, with a more widely
known and used bio-leach microbe Acidithiobacillus ferrooxidans in the pyrite-chalcopyrite
mineral system. This increases the complexity of the investigation as the bacterial strain
oxidises both iron and sulfur, leading to differences in the bio-flotation behaviour in the
system. Surface chemistry of pyrite interaction with Acidithiobacillus ferrooxidans was

investigated through X-ray photoelectron spectroscopy.

Chapter seven presents the overall conclusions of the work presented in this thesis and the
future directions. The studies identified in the future directions will lead to an increased
understanding of the microbe — mineral interaction and their potential applications in

minerals processing.
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2 LITERATURE REVIEW

2.1 Sulfide minerals

Sulfide minerals make up a small percentage of the Earth’s crust, with a large portion
containing metallic elements [1,2]. Metal sulfides are the primary source of precious and base
metals [3], with a general chemical formula of AmX,; where A represents the smaller atom,
which can be one or more metals, and X represents sulfur [2]. The more common metals
present in transition metal sulfides are iron (Fe), copper (Cu), nickel (Ni), silver (Ag), cobalt
(Co), and zinc (Zn); while the trace elements include calcium (Ca), vanadium (V), chromium
(Cr), manganese (Mn), platinum (Pt), and gold (Au) [2]. As not all sulfide minerals contain
valuable or precious metals and are therefore seen to contain no commercial significance or
net worth and are deemed as gangue minerals [4]. Separation of the valuable (ore) and non-
valuable (deemed as waste rock) components is required before the metallic component can
be refined. Beneficiation of sulfide-rich ore results in the refinement of precious metals but

also contributes to environmental issues such as acid mine drainage (AMD) [5,6].

2.1.1  Pyrite (Py)

Pyrite (FeS;) is the most common iron sulfide mineral in the Earth’s crust and is found in a
wide range of geological formations from sedimentary deposits to hydrothermal veins and a
constituent of metamorphic rock [2,4,7]. Visually it has a brassy-yellow appearance, causing
it to be commonly mistaken for gold, giving rise to its colloquial name ‘Fool’s gold’. However,
pyrites physical properties, such as weight and hardness, make it easily distinguishable from
gold. In the cubic unit cell of pyrite, the iron atoms are octahedrally coordinated to the sulfur
atoms [7,8], as pictured in Figure 2.1 below. This unit cell structure results in an overall
negative charge on the mineral surface [9]. The oxidation state of iron existing as low spin Fe
(I1) and the sulfur exists as S (- 1) [7,8]. Impurities, such as arsenic and selenium, can exist in

the lattice by substituting into the sulfur site.
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Figure 2.1: The unit cell structure of cubic pyrite (FeSz; image adapted from Hicks, et al. [10])

Pyrite is commonly associated with many other sulfide minerals in sulfide-rich ores, coal
deposits, and can exist as veins of impurities in precious metals such as gold, nickel and
sometimes cobalt [6]. In comparison to the other minerals it is associated with, pyrite has no

significant net worth or commercial value it is regarded as a gangue mineral [11].

2.1.1.1 Pyrite Oxidation

Pyrite oxidation is a complex process, which can occur in both oxygenated and anoxic systems
and can involve chemical, biological or electrochemical reactions [6]. Reaction with
atmospheric oxygen produces Fe?*and SO4% in a ratio of 1:2, as shown by equation 2.1 [6].
Further oxidation can occur, producing Fe3*q and Fe3* oxyhydroxides (Fe(OH)s, FeOOH and
Fe203), as represented in equations 2.2 and 2.3, with the overall reaction shown in equation

2.4. The Fe(OH)s species in the equations are a surrogate for the oxyhydroxide species [6]

FeSy +20,+ Hy0 - Fe?* gy + 250, + 2H* (2.1)
1 1

F62+(aq) + ZOZ +H" & Fe3+(aq) + EHZO (2.2)

Fe3* 44y + 3H,0 & Fe(OH)3; + 3H™ (2.3)

15 7 -
FeSy(s) + % Oa(aq) + 3 H20(aq) = 250,%" + Fe(OH)3(s) + 4H" (4 (2.4)

The initial oxidation of pyrite involves the adsorption of O2and H,O to the surface at the Fe?*

sites, creating various intermediate states of iron oxyhydroxides [6]. The Fe3* ions produced

continues the oxidation of pyrite [6]. Conditions such as O, and Fe3* concentration, Eh and pH
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can influence oxidation. This is shown by Equation 2.5, which represents the process of
electrochemical oxidation of pyrite. This indicates that the oxidation involves the formation

of a thiosulfate ion before the iron sulfate is formed [12].

FeS, + 8H,0 - Fe3* 4+ 250,>~ + 16 H* + 15e~ (2.5)

2.1.2  Chalcopyrite (Cp)
Chalcopyrite is a copper iron sulfide with the chemical formula CuFeS,, with the oxidation
states Cu(l), Fe(lll) and S(-1l) [7,8]. The unit cell of chalcopyrite is tetragonal, where the iron
and copper atoms are tetrahedrally bound to the sulfur atoms, alternating along the c-axis,
as illustrated in Figure 2.2 below [8]. Chalcopyrite is considered a valuable mineral as it is the
most abundant and economical source of copper [4,6,13]. Copper is the most important, non-
ferrous metal; therefore, importance is placed on recovery of copper from its ores [4,11,13].
Chalcopyrite is commonly found in mixed mineral systems, where it is inter-grown with other
sulfide minerals such as pyrite, sphalerite, bornite, galena, and chalcocite. In some cases, it is
also associated with other mineral phases that contain valuable metals and/or transition
metals, or other gangue minerals such as quartz [4,6,11,14,15]. The purity or grade of the ore
is determined by the amount of gangue minerals present; the more gangue minerals present,

the lower the grade.
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Figure 2.2: The unit cell structure of chalcopyrite (image adapted from Mehl, et al. [16])

2.1.2.1 Chalcopyrite Oxidation
Reaction with atmospheric oxygen produces a ferric oxyhydroxide layer on the surface, which
can include regions of iron deficiency composed of CuS; [6]. This layer of CuS; becomes thicker
when formed in acidic environments and with the presence of elemental sulfur [6]. The
reaction for chalcopyrite oxidation in acidic conditions and in the presence of ferric ions is

shown below in equation 2.6 [6].
CuFeS, + 4Fe3t - 5Fe?* + Cu?*t + 25° (2.6)

This process also releases ferrous ions, which can be rapidly oxidised to ferric ions in the
presence of iron oxidising bacteria. The presence of ferric ions in acidic sulfate solutions can
enhance the oxidation and dissolution of copper bearing ore [6]. Galvanic interactions can
also influence the dissolution of chalcopyrite, with the presence of pyrite enhancing the
dissolution [6]. Further research by Hiroyoshi, et al. [17] indicates that ferric iron and
dissolved oxygen present in the acidic environments releases copper ions into solution.

Oxidation by dissolved oxygen is shown in equation 2.7 below.
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CuFeS, + 4H* + 0, » Cu®* + Fe?* + 25° + 2H,0 (2.7)

2.1.3 Haematite (Hm)
Haematite, is an iron oxide mineral with a chemical formula of Fe;Os and a trigonal crystal
structure, shown in Figure 2.3. Haematite is an important iron mineral due to its high iron
content and it is often associated with pyrite, quartz, calcite, rutile, amethyst, goethite,
fluorite, magnetite and dolomite [18]. Haematite is also commonly associated with rare earth

elements and considered a gangue [19].

Haematite is a polar mineral, with greater polarity than pyrite and chalcopyrite due to the
oxides and hydroxides at the surface. Iron ores such as hematite, and goethite are floated by

collectors such as amines, oleates, sulfanates or sulfates [1,4].

Figure 2.3: Unit cell structure of hematite (image adapted from Mehl, et al. [16])

2.1.4  Arsenopyrite (Asp)
Arsenopyrite is the primary arsenic bearing mineral [20], and an ideal chemical formula for
arsenopyrite is FeAsS. However natural arsenopyrites have been noted to have a chemical
composition ranging from FeAsp9S1.1 — FeAs1.1So9 [21]. Mossbauer spectroscopy studies

conducted by Vaughan and Craig [7], and Bindi, et al. [22] indicates an oxidation state of Fe
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(1), S (-1), and As (-I), with Silva, et al. [21] suggesting both sulfur and arsenic are present as

dianions and iron trivalent.

Arsenopyrite is commonly found with iron and nickel sulfides such as pentlandite and pyrite
[2,8] and is of interest as gold is preferentially associated with the arsenopyrite matrix in
refractory sulfide ore [23]. Therefore the separation of arsenopyrite from gangue minerals,
such as pyrite, becomes important for the economical extraction of gold along and the
removal of arsenic compounds in the environment from pyrite tailings [23]. Separation of
pyrite and arsenopyrite presents difficulties as the two minerals exhibit similar flotation

behaviours [23].

Selective separation of arsenopyrite from pyrite and chalcopyrite through the use of oxidising
agents (permanganates and addition of sulfur dioxide) has been studied [23]. A. f has been
used to selectively depress py in the aspy system in acidic and neutral pH ranges [23].
Dissolution of arsenopyrite by L. f has been investigated along with the bacterial leaching

pattern and the composition of EPS [24].

2.1.4.1 Arsenopyrite Oxidation
The oxidation process of arsenopyrite releases both sulfur and arsenic [6]. Similarly to
chalcopyrite and pyrite, arsenopyrite can oxidise in the presence of atmospheric oxygen.
Buckley and Walker [25] investigated the effects of oxidative environments on arsenopyrite,
reporting rapid oxidation in the presence of atmospheric oxygen. In the presence of
atmospheric oxygen the arsenic is oxidised to As (lll), more rapidly than the iron and sulfur
[6,25]. While in acidic environments, the oxidation of arsenopyrite results in a sulfur rich
surface environment [6]. In conditions which resemble acid mine drainage environments,
arsenopyrite is found to be more reactive than other sulfide minerals such as sphalerite,

chalcopyrite, pyrite and galena [6,26].

2.1.5 Environmental Impact of Transition Metal Sulfide
Beneficiation of sulfide-rich ore results in large amounts of waste rock. The waste rock is
composed of gangue minerals and often includes low-grade ore which is below the cut-off
grade [6], both of which can contain sulfide minerals. Oxidation of these components can

produce between 100 to 50,000 ppm H2SO4 which can dissolve and release heavy metal ions
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such as copper, cobalt, nickel and mercury into the surrounding environment, usually into the

water flowing through the waste [6,27].

Sulfide minerals are highly reactive and oxidise when exposed to atmospheric oxygen [6]. The
high reactivity is due to the large number of oxidation states of the atoms within the mineral
complex, meaning the oxidation reaction is dependent on the mineral [28]. The production
of sulfuric acid during oxidation can accelerate the oxidation process through the production
of hydrogen ions. The acidic environment also increases the solubility of heavy metal ions,
creating an acidic cocktail of heavy metals which can leak into fresh water sources [29,30].
This becomes problematic, as pH neutralisation of the acidic mixture results in the

precipitation of heavy metals. This reaction is the basis of AMD.

The mechanisms of degradation of metal sulfides are still under investigation. This is due to
the complexity of the reactions which can take place on the mineral surface. These can be
influenced by biochemical interactions, electrochemical interactions and the surface
chemistry [28,31]. The dissolution of sulfide minerals, and the resulting surface speciation, is
influenced by the kinetics of the surrounding environment [32-34]. Controlling these
environmental conditions is difficult, therefore it is important to understand the potential
states that can occur on the surface as multiple reactions are possible [1]. These reactions can
also influence the hydrophobicity of the mineral phase, and therefore the recovery depending

on the recovery technique.

Pourbaix diagrams are used to illustrate the effect of pH against the equilibrium potential of
electrochemical reactions. These diagrams are used to identify thermodynamically stable
phases within an electrochemical system. Below in Figure 2.4 the Pourbaix diagrams for pyrite

(a), chalcopyrite (b) and haematite (c) are shown.

11
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Figure 2.4: Pourbaix diagram of pyrite (a, at 25°C), chalcopyrite (b, at 21°C) and haematite (c, at ambient
temperature); adapted from Kocabag, et al. [35] pyrite, Fairthorne, et al. [36] chalcopyrite, and Shimizu, et al.
[37] haematite.

2.2 Mineral Processing

Minerals processing is the refinement and beneficiation of mineral ore for the purpose of
separating the valuable portion from the commercially worthless portion, known as gangue
[4]. The mining industry currently uses a range of separation techniques, with each technique
employed for different mineral systems depending on the chemistry of the system [4]. The
two major steps (comminution and concentration) in minerals processing is accompanied by
multiple smaller and important steps including sizing of the ore, screening, classifying and

dewatering of the mineral pulp [4].

12
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Wills [1] highlights five important mineralogical properties which are important for physical
ore concentration. These properties are: magnetic properties — ferromagnetic and
paramagnetic minerals such as iron and non-ferrous ore can be separated by magnetic
separators; electrical conductivity — conductive and non-conductive minerals can be
separated; specific gravity — mass effects for differential movement producing less
environmental pollution; optical and radioactive — also known as sorting; surface properties
— utilizes hydrophobic and hydrophilic surface properties and is the most common method
for sulfide minerals [1,4]. In some cases the ore roasting or heat treatment is used to effect
major chemical properties, such as conversion non-magnetic iron to a ferromagnetic form to

make the ore more suitable for certain processing [4].

The efficiency of these separation methods are important as elements such as aluminium (Al),
iron (Fe) and magnesium (Mg) are present in amounts of above 2% in the Earth’s crust [4].
While other important elements such as copper (Cu) are present in less than 0.1% [4]. As
these industrially important elements exist in such small amounts, over 240,000 km of the
Earth is affected by mining and mineral processing [38]. This environmental impact is
increased when recovery processes such as heap and dump leaching are used. Both heap and

dump leaching have been used to recover metals such as copper from low grade ore [17].

2.2.1 Froth Flotation

Froth flotation was originally developed to treat sulfide ores of copper, lead and zing,
however, further developments in the field has allowed it to expand to include oxides and
non-metallic ores [4]. The invention of this process was revolutionary as it allows the
processing of low-grade and complex ore bodies which would normally be classed
economically worthless [4]. The flotation of low-grade and complex ores has been made
economically viable through micro-flotation processes [4,19]. This method is still the most

widely used method for the separation of sulfide ores [4,39].

Froth flotation is a physico-chemical separation technique which utilizes the difference in the
surface chemistry and hydrophobicity of the mineral particles [4,19]. This separation process
relies heavily on the ability of certain mineral particles adhering to the air bubbles being

passed through the system. The surface properties can be enhanced and altered through the
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addition of chemicals to the system. These chemicals are classed as collectors,

depressors/modifiers and frothers which is discussed in 2.2.2 Flotation Reagents below.

Separation via froth flotation can work in two ways: direct and indirect flotation. Direct
flotation occurs when the target mineral (mineral of interest) is hydrophobic and has an
increased affinity to the rising air bubbles, being floated and collected [4]. Where indirect
flotation occurs when the target mineral is suppressed in solution and the gangue mineral has
an increased affinity to the rising air bubble and is collected [4]. Pecina, et al. [40], states that
the efficiency of majority of the flotation systems can be represented by the first order
reaction rate shown in Equation 2.7 below where R represents the cumulative recovery of

mineral, t represents flotation time and k is the kinetic constant of flotation.
R=1- exp™* (2.8)

A schematic of a traditional flotation cell used in froth flotation is shown in Figure 2.5 [4]. A
gas, in this case, labelled as air is passed through the agitator to produce the bubbles which
are then passed through the mineral pulp within the cell. The sole purpose of the agitator is
to agitate the pulp, increasing the probability of mineral particles interacting with the
bubbles. As the bubbles pass through the system, hydrophobic mineral particles adhere to
the surface of the bubble while the hydrophilic particles remain suspended in the pulp. A
mineralised froth is formed on the top of the pulp as the bubbles surface and collected;

separating the two phases of mineral.

Image removed due to copyright restriction

Figure 2.5: Schematic Representation of a Froth Flotation Cell showing mineral attachment to air bubbles
(image obtained from Napier-Munn and Wills [4])

14
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There are multiple factors which can contribute to the efficiency of separation which includes
the treatment of the ore before flotation and the Eh and pH of the pulp [4]. Two of the most
important factors are the particle size and the bubble size, which are directly related to each
other. The bubbles passed through the system needs to be of an adequate size to support the
weight and size of the desirable mineral, but also small enough so the affinity of the gangue
mineral is not increased. Likewise, if the mineral particles are too fine, regardless of the
surface properties, they all have an increased affinity to the bubble surface. While larger
particles can become too heavy meaning the bubble can no longer support the mineral
causing it to become detached or causing the bubble to break. Efficiency in terms of particle

size is discussed in more detail in Section 2.2.3 Micro Flotation below.

2.2.2  Flotation Reagents

To enhance the effectiveness of the separation, chemicals are added into the flotation matrix,
these chemicals are referred to as flotation reagents [41]. There are different classes of
reagents which enhance several factors, such as froth stability (frothers), collection through
hydrophobic effects (collectors), and depression through hydrophilic effects
(depressors/modifiers) [41]. In conventional froth flotation methods, highly selective
inorganic modifiers such as cyanides, sulfides and ferro-cyanides are used [42]. These
reagents are comprised of two main functional groups; donor atom or ligand, and a
substituent group — hydrophobic for frothers and collectors, and hydrophilic for
depressors/modifiers [41]. These reagents can be modified to suit particular mineral systems
or given separations by altering the structural features, particularly the hydrocarbon (C — H)

chain [39,41].

An issue with commercial reagents, such as sodium cyanide, sodium dichromate, sulfur
dioxide, arsenic trioxide and phosphorous pentasulfide, is their susceptibility to oxidation in
the presence of dissolved oxygen [43]. These chemicals are also often added in excess and as
they are not environmentally friendly researchers have been investigating for a greener

alternative [4].

2.2.2.1 Frothers

A stable froth is required for collection of the floated fraction, if the air bubbles do not form

a stable froth they burst dropping the mineral attached to the bubble [1]. Surfactants are used
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in the flotation processes to produce a stable froth and are referred to as frothers. These
surfactants are neutral molecules and can be separated into soluble and partially-soluble sub
groups [41]. The ideal frother only influences the liquid phase and does not interact with the
mineral surface, however in reality interactions between the frother and mineral surface and
other flotation reagents do occur [1]. Therefore, selecting the correct frother for the targeted
ore and mineral system requires testing [1]. In some systems, such as sulphide mineral,

multiple frothers are used to control the dynamics of the separation [1].

Heteropolar organic molecules, such as polypropylene glycol and ethers, are used as frothers
as they are capable of interacting with the air-water interface [1,41]. The polar group of the
molecule interacts with the water and becomes hydrated, while the non-polar hydrocarbon
chain is attracted to the air phase [1]. The interaction between the aqueous phase and air
phase with the molecule stabilises the air bubble by reducing the surface tension. Therefore,
it is important that the frother molecules are partially water soluble to have an even
dispersion throughout the system to optimise the efficiency [1]. The most common functional
groups used in frothers are hydroxyl, carboxyl, carbonyl, amino groups and sulpho groups

[1,41]

2.2.2.2 Collectors
Collectors are sometimes referred to as promoters as they enhance the separation and
recovery. Collectors attach to the mineral surface through electrostatic bonds, chemical
adsorption and van der Waals forces [1,39], increasing the hydrophobicity of the mineral
particle [1,4] and thereby facilitating bubble attachment. To increase the separation of
mineral particles the collector must be able to overcome the galvanic interactions occurring
between the mineral particles. Galvanic interactions between a noble (cathodic, electron
accepter) and an active (anodic, electron donor) mineral reduce the floatability of the noble

mineral. The effects on the active mineral is minimal [14].

Collectors can be separated into two sub groups: ionic and non-ionic, and are usually organic
compounds [1,41]. However, in sulfide mineral separation these classifications are not
required as the collectors attach to the minerals surface through chemisorption [41].

Therefore, selection of collector is determined by the targeted separation and the chemistry
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of the collector. Collectors are usually complex heteropolar asymmetric molecules with polar

and non-polar functionalities, fatty acids, amines and xanthates are examples [1,41].

For collectors to be effective, they need to be able to attach to the mineral surface with their
polar group, creating a non-polar hydrophobic layer around the mineral. Due to this, the
concentration of collector is important for optimal recovery. If the concentration is too high,
then the collectors can form multiple layers on the minerals surface thereby reversing the
effect of the collector [1]. In complex systems more than one collector is often used to target

different mineral phases.

2.2.2.2.1 Xanthates
Xanthates are anionic ionising collectors, which are best suited for sulfide ore including
complex sulfide ore [4,44,45]. Xanthates are a class of organic thiocarbonate salts [44,46] with
a general formula of R — OCS;, where R represents a hydrocarbon chain [47]. Xanthates are
classed as toxic, hazardous and flammable by the Australian Dangerous Goods (ADG) code, as
the solids are susceptible to spontaneous combustion and environmentally hazardous [48].
Xanthates have been widely used in the beneficiation of sulfide and oxide minerals since early
20™ century [1,39,44,47]. Xanthates are formed through the reaction of an alkali hydroxide
such as KOH, a carbon disulfide, and an alcohol (given as ROH), as shown in Equation 2.9

below [1].
ROH + CS, + KOH = RO - CS - SK + H,0 (2.9)

Due to the toxicity of xanthates, there are multiple environmental and health implications for
their use in minerals processing [39]. Part of this toxicity arises from the formation of carbon
disulfide (CS2) during decomposition [47]. Xanthates are water soluble, with acidic
environments promoting dissociation and protonation of the xanthate ion [44]. Protonation
of the xanthate ion accelerates the decomposition, which is not seen in neutral and basic
conditions, therefore alkaline conditions are preferred for xanthate use [1,44,49,50]. The
study by Iwasaki and Cooke [50] illustrates that as the acidity of the solution increases so does
the rate of decomposition. Xanthates can react with oxidising agents resulting in the
formation of dixanthogens, and metallic ions resulting in heavy metal xanthates [44]. The

formation of the heavy metal xanthate is what leads to the surface chemistry change from
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hydrophilic to hydrophobic, while dixanthogens can decrease the selectivity of the collector

[1,44].

There are multiple theories for the adsorption mechanism of xanthates to a sulfide mineral
surface [44], with the mechanism determined by the xanthate structure and the targeted
mineral [39]. Napier-Munn and Wills [4] established that the interaction between xanthate
collector anions and sulfur on the mineral surface requires previous oxidation of the surface.
This oxidation of the surface may also result in the formation of elemental sulfur, which is
hydrophobic [1]. As oxidation of the sulfide mineral results in negative electrical double layer,
it is predicted that the activation of the mineral is due to the attachment of a
neutral/uncharged molecule such as xanthic acid or dixanthogen [44]. According to Klimpel
[45], a potential of +0.13 V is required for disulfide and dixanthogens to form on the surface
of both pyrite and chalcopyrite. However, it is noted by Milosavljevi¢, et al. [39] that the
adhesive power and effectiveness can be impacted by the structure and length of the

hydrocarbon chain.

2.2.2.3 Modifiers and Depressors
Modifiers refer to chemicals which can modify certain aspects of the flotation system, such
as pH, viscosity and froth [41]. Depressors are a sub-group of modifiers, which are used to
increase the selectivity of the collectors [1]. The chemicals used as depressors are a lot more
varied than those used for frothers and collectors. The reaction pathways are also more
complex and not completely understood making selective depression of minerals harder than

selective recovery [1].

Cyanides are widely used depressants for pyrite and sphalerite associated with copper, lead
and zinc ores [1]. Cyanide is used as it can desorb copper ions from the surface of minerals
and can react with copper in the pulp solution which contribute to copper activation [1].
Sodium cyanide and modified polysaccharides are the most common depressors used, as they
are suitable at both neutral and acidic pH [1,14,41]. Cyanides are highly toxic and contribute

to environmental issues, therefore there is a need for environmentally friendly alternatives.
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2.2.3  Micro Flotation
Micro-flotation works on the same principles as that of froth flotation, but on a smaller scale.
The finer particle size used in micro flotation allows better separation of low grade and
complex ores [4]. The effect of particle size on mineral recovery is shown in Figure 2.6 below.
The recovery curve shows a relationship between the particle size and optimal recovery. The
curve indicates that the optimal particle size is between 35um and 150um. This is explained
by the adhesion force between the mineral particle and the air bubble. For adhesion to occur,
the bubble needs to be able to displace the surrounding liquid from the mineral particle [4].
As the particle size increases, this adhesion force is reduced leading to an increase in particles
attaching to the bubble. When the adhesion force is smaller than the weight of the particle,
the bubble can no longer support the mineral particle and the bubble is ‘dropped’ or the
bubble bursts [4]. Therefore, the bubble size to particle size is a key factor relating to the

separation of minerals via flotation.

Image removed due to copyright restriction

Figure 2.6 Mineral recovery curve for micro flotation showing the influence of particle size [4]

Galvanic interactions can also influence the efficiency of separation. Galvanic interactions
between the minerals depends on the active or noble character of the minerals [51]. These
galvanic interactions have more effect on the flotation behaviour of the noble mineral than

the active mineral [14,51].

2.3 Microorganisms in Minerals Processing

Biogeochemistry is a discipline with great importance due to the potential for bioremediation
of sub surface sites that are contaminated by metal and radionucleotide [52]. Microorganisms

play an important role in many ecosystems including the water, carbon, sulfur and nitrogen
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cycles [6]. This diversity of roles throughout the different cycles allows microorganisms to
survive is harsh conditions, including acidic mine effluents where conditions are acidic and
resources are finite [6]. Microorganism catalysis of the available sulfide minerals in these

conditions accelerates the reduction of compounds to sulfate [6].

2.3.1 Bacteria and archaea

The diversity of microorganisms involved in these biogeochemical cycles creates a challenge
when characterising the cells present. Acommon method for characterising the cell structure
is the use of Gram staining. The cell is either Gram positive (retains the stain) or Gram negative
(does not retain the stain). The Gram stain uses the difference in structure and composition
of the cell wall and outer membrane to determine the cell as either Gram-negative or Gram-

positive [53].

The cell wall of a Gram-positive cell is thicker with the composition primarily consisting of
peptidoglycan containing sugar derivatives and amino acids [53]. The composition of the cell
wall contributes to the overall charge of the cell, with sugar alcohols, glycerol, ribitol, and
teichoic amino acid all holding a negative charges [53]. Gram-negative cells have an increase
in complexity due to a second lipid bilayer in the outer membrane. This second bilayer consists
of phospholipids which contain proteins (primarily porins) and lipopolysaccharides which are
lipids and polysaccharides linked together [53,54]. It is the arrangement of these proteins and
polysaccharides on the outer membrane which influence the overall charge of the cell [53].
The surface of the bacterial cell carries a net negative charge under most physiological
conditions with electrostatic forces, hydrophobic, entropic, acid-base, hydrogen bonding and

Van der Waals interactions playing an important role in bacterial adhesion [54].

Chemolithoautotrophic bacteria are carbon fixing bacteria which derive necessary carbon for
metabolic processes from carbon dioxide in their environment. These bacteria also derive
their energy from inorganic compounds such as nitrogen, iron or sulfur. The carbon source
and energy source for these bacteria are completely separate [55]. These bacteria are
generally capable of operating their central carbohydrate metabolism in both anabolic and
catabolic directions for long and short term adaption [56]. For iron oxidizing bacteria, their

energy comes from the regeneration of the ferrous ion as an electron donor, where the
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charge of the iron changes from ferrous Fe?* to ferric Fe3* and enters the propagation cycle

which accelerates the acidification [38].

Bacterial cells can be motile by means of an appendage(s) on the cell wall known as flagellum.
The chemosensory system of the cell can regulate the motility by controlling the flagellar
rotation [57]. This means that the bacterial cells are attracted by certain chemicals and
repelled by others [57]. The cell does this by reading chemical signals/information received
from the environment through transmembrane proteins known as transducers or methyl-
accepting chemotaxis proteins (MCPs) [57]. This immobilization can offer remediation,

recovery and electrification applications [54].

Microorganisms can adjust their growth rate to facilitate a limiting nutrient in their
environment by adjusting their molecular composition to the variations in their surroundings
[55]. Nutrient deficiencies are not always limited to the one nutrient, in cases where double
or multiple limitations occur it is expected that microbial growth could show a different
molecular reorganisation as reflected by a new metabolic profile [55]. Bastias and Gentina
[55] looked at the limitations of growth parameters of CO, and Fe?* in the presence of a Fe3*
inhibitory concentration [55]. It was found that the metabolic parameters varied and
depended on these concentrations and it was determined that the bacterial oxidation rate of
Fe?*is directly related to the production rate of Fe3* [55]. This was supported by Kleerebezem
and van Loosdrecht [58], who determined that the substrate conversion is completely

proportional to microbial growth in a tightly coupled process.

2.3.1.1 Leptospirillum ferrooxidans
Leptospirillum ferrooxidans are an iron-oxidizing bacteria in the shape of a small, curved rod
measuring approximately 0.3-0.6 by 1 -3.3 um in size and have been noted as a pioneer
microbe due to their role in carbon and nitrogen fixation in early soil ecosystems [58-61]. As
an iron-oxidizing bacteria, they are labelled as chemolithoautotrophic and acidophilic with a
vibro shape [56,60-62]. L. ferrooxidans are classed as acidophilic because they thrive in acidic
conditions [6,60]. Chemolithotrophic indicates that the bacterium utilizes the bedrock to
produce their own energy source through chemical reactions such as iron oxidation [6,24]. It
is the energy and reducing power derived from these reactions that is used for multiple

metabolic processes in the cell which includes carbon dioxide (CO;) and nitrogen fixation [56].
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Assimilation of carbon and nitrogen occurs through different sources, such as the atmosphere
or the growth medium and both processes are conducted through different enzymes within
the cell [56]. It is believed that acetyl — CoA (acetyl coenzyme A) is responsible for carbon
assimilation where the carbon dioxide is captured by tetrahydrofolate cofactor and then
reduced to a methyl group [56]. There are two enzymes responsible for nitrogen assimilation
that has been noted in literature and they are nitrogenase and ammonia permease. However,
Merino, et al. [56] believes that even though the genome includes the nitrogenase encoding

gene, the nitrogenase within the cell could be inactive due to its sensitivity to oxygen [56,59].

L. ferrooxidans are a gram negative bacteria [56,60] with the cell membrane containing a
protein of 80kDa range [57]. The growth rate is approximately 0.1 — 1 hour [58] and produces
pseudococci, vibrios and spirilla shaped cells [60]. Growth conditions for L. ferrooxidans
differs between studies, but it is agreed that the growth medium needs to contain an iron (ll)
concentration, constant temperature at 28°C (as it is mesophilic), with an optimal pH of 2.5 -
3 but an acceptable pH range of 1.5 — 4 [9,60]. This bacterium is also commonly found
underground at mine sites and has been linked to acid mine drainage, due to their iron
oxidizing capabilities [6]. Evidence suggests that L. ferrooxidans are the dominant species
associated with mineral dissolution in acid mine waters [24]. Certain strains of this bacteria
can have a single polar flagellum which allows them to be motile, similar to A. ferrooxidans
[57,60]. From this motility it was found by Acuna, et al. [57] that metal ions such as Ni?*, Fe?*
and Cu?* act as attractants, while amino acids such as aspartate acted as a repellent [57]. It
was also found that nickel increased methylation while aspartate decreased the methylation
of proteins [57]. Fluorescence in situ hybridization (FISH) has successfully been used to detect

the L. ferrooxidans cells [58].

L. ferrooxidans lack the ability to utilize sulfur or thiosulfates which means their sole method
of energy production is via iron oxidation of Fe (IlI) to Fe (lll) [6,60]. The inability to utilise
sulfur generates a higher affinity to ferrous iron and a higher tolerance to Fe (lll) inhibition
and allows the microorganism to survive at higher redox potentials than other
chemolithotrophs [6,61]. Merino, et al. [56], and Stoytcheva, et al. [61] uses Equation 2.10
below to illustrate the ferrous iron oxidation reaction involved in the cells metabolism using

the coenzyme nicotinamide adenine dinucleotide (NAD).
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4Fe?* pyr + 0, + NAD + 3H* |y — 4Fe®* gyr + NADH + H,0 (2.10)

In this reaction the ferrous iron is an electron donor, using oxygen as the electron acceptor
[56,61]. The protons that are consumed in this process enter into the cell via the adenosine
triphosphate (ATP) synthetase complex which is embedded into the cells inner membrane
[56]. The ADP is then coupled with the extrusion 3H* and inorganic phosphate (Pi) as shown
in Equation 2.11 below [56].

3H" pyr + ADP + Pi + H* — ATP + 3H* syr + H,0 (2.11)

The reductive power comes from the electron transfer between the ferrous iron and the

NADH to reduce it to NAD(P) as illustrated in Equation 2.12 below [56].

NADH ubiqui
2Fe?* + NAD(P)t — " 2Fe3* + NAD(P)H (2.12)

This metabolic behaviour is quite similar to that of Acidothiobacillus thiooxidans, which are

the most extensively characterized iron oxidizing, acidophilic bacteria [61].

Rojas-Chapana and Tributsch [12] studied the electrochemical process of pyrite oxidation
using L. ferrooxidans. It was determined that the oxidation involves the formation of a
thiosulfate ion before the formation of iron sulfate, according to the following reaction as

shown in Equation 2.13 [12]:

FeS, + 8 H,0 - Fe3* + 250%",+ 16 Ht + 15¢e~ (2.13)

It was also determined, that through this oxidation process, Extracellular Polymeric
Substances (EPS) are excreted by the cell and are involved in the storage and uptake of electro
dense nanoparticles [12,24]. This adsorption leads to a distinctive assemblage in the
exopolymeric capsule which coats the bacterial cell [12]. The chemiotactic nature of L.
ferrooxidans is a strong driving force for biofilm formation and the bacterial — mineral

interactions.

Although, original studies concluded that the L. ferrooxidans were unable to oxidise the iron
on the surface of pyrite and chalcopyrite, it was found that adaption occurs over several
weeks and subcultures, before they had the ability to oxidise the surface [60]. Vilinska and

Rao [62] studied the influence L. ferrooxidans had on the bio-flotation and bio-flocculation
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the pyrite and chalcopyrite system. Through adsorption studies and Hallimond flotation tests,
it was determined that there was a greater cell adsorption, greater depression effect and

greater flocculation behaviour for chalcopyrite [62].

The effects of L. ferrooxidans on the kinetics of sulfide ore flotation of chalcopyrite, sphalerite
and pyrrhotite using a xanthate collector was studied by Pecina, et al. [40]. While Zhu, et al.
[63] reported that mineral exposure to L. ferrooxidans altered the surface charge and
hydrophobicity of the mineral particles. These results are similar to those that occur when the
minerals are exposed to chemicals such as xanthates and cyanides [63]. Zhu also reports that
the degree of change due to the bacterial cells is influenced by the adhesion force of the cells
and that of the Extracellular Polymeric Substances excreted by the cells, which mediates the
macro — mineral interaction [63]. A study conducted by Rojas-Chapana and Tributsch [12]
found that as the leaching of pyrite progressed, the cells began to store electro-dense
nanoparticles into the EPS. These particles become embedded in the exopolymeric capsule,
coating the cell surface, leading to distinctive bio-mineralised assemblages [12]. While the
literature suggests that L. ferrooxidans have been thoroughly investigated for their role in
bioleaching and mineral flotation, there are limited investigations surrounding the use and

composition of EPS.

2.3.1.2 Acidithiobacillus ferrooxidans
Acidithiobacillus ferrooxidans, formerly Thiobacillus ferrooxidans, is the most commonly
studied iron oxidising microorganism and is part of the consortium of microorganisms used
for recovery of copper and gold [6,64,65]. Bharadwaj and Ting [66] notes a particular interest
in their use as a spent catalyst in petroleum production. Similar to L. ferrooxidans, A.
ferrooxidans are chemolithotrophic, mesophilic and acidophilic thriving in ambient
temperatures and acidic conditions (pH 1.5 — 6.0) [6]. A. ferrooxidans are able to oxidise both
iron and sulfur, while also being able to fix both carbon and nitrogen [65]. Unlike L.
ferrooxidans, A. ferrooxidans are an obligate aerobe, requiring a carbon source (CO;) for

growth [6].

A. ferrooxidans are found naturally at acidic sites which are normally associated with pyrite,
such as mine drainage sites and coal wastes [65]. This is due to their ability to utilize the Fe

() and S° for energy and electron requirements, which is an important role in the

24



Chapter 2: Literature Review

biogeochemical cycling of iron and sulfur [6,65]. Their ability to adapt to different pH and
metal concentrations makes them an effective catalyst for sulfides, including in mine waste
[6]. However, A. ferrooxidans are more susceptible to ferric iron inhibition than L.

ferrooxidans [61].

Barreto, et al. [65] determined in their study that the formation of biofilm is a prerequisite for
mineral dissolution in the presence of A. ferrooxidans. It was also noted that the biofilm
formation was accompanied by the production of extracellular polymeric substances (EPS)

[65].

2.3.2  Microbe — Mineral interaction
Recent literature suggests that the initial adhesion of microbial cells is primarily governed by
both specific (stereochemical) and non-specific (physicochemical) molecular interactions
between the cell and the mineral surface [53,67]. These properties on a cell surface arise from
the structure and arrangement of membrane components such as proteins and
polysaccharides, therefore chemical composition plays an important role in adhesion
behaviour [53]. Currently there are two theories to predict the primary attachment of cell to
solid substrates such as minerals and to other cells. These methods are the Derjaguin —
Landau — Verwey — Overbeek (DLVO) theory and the extended Derjaguin — Landau — Verwey
— Overbeek theory [53]. Both theories are concerned with double layer forces that occur
between charged objects across liquids and Van de Waals forces to estimate the actual

interaction potential between particles.

Attachment of bacterial cells to solid substrates is accompanied by the excretion of
extracellular polymeric substances (EPS) [54]. This excretion of EPS activates adhesion by
changing the charge of the bacterial envelope through the trapping of near surface or
structural ions on the mineral surface [54]. The EPS can both chemically bond with surface of
the solid substrate and intermediate/promote the nutrition/respiration chemical reactions
[54]. This attachment of microorganism cells and their metabolites facilitate
hydrometallurgical leaching and show promise in mineral beneficiation processes such as
flotation and flocculation [42,54]. There are three proposed mechanisms for cell adhesion
and charge transfer mechanisms for bio-modification of mineral surfaces

[32,42,51,53,54,62,68], these are:
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i. Direct Contact: Attachment of the microbial cell onto the surface of the solid
substrate. The cell and its enzymes have a direct interaction with the surface. This can
also include charge transfer reactions.

ii. Indirect Contact: Cells adhere to the mineral surface and create a reaction space.
Microbial catalysis of oxidation and/or reduction reactions occur within this reaction
space. This mechanism is sometimes referred to as the cooperative mechanism.

iii. Indirect Non-Contact: Cells remain planktonic and do not physically interact with the
mineral surface. This mechanism uses shuttle compounds, such as Fe3* ions, to react
with the mineral surface and is often regulated by organic compounds like quinine.
This mechanism also includes the adsorption and/or chemical reaction with metabolic

products, such as EPS, extracellular proteins, and extracellular polysaccharides.

Fe'& .
(iii) “ ~ Bacteria
Fez*) 0,

(=]
Figure 2.7: Schematic of the three microbe-mineral contact mechanisms. Adapted from Crundwell [32]
The direct interaction can be summarised by the Equations 2.14 and 2.15 below, while the

indirect interaction is summarised by Equations 2.16, 2.17 and 2.18, using pyrite as an

example [6].
FeSy +20; + Hy0 > Fe* + 2H* + 250,°" (2.14)
2Fe* +20, + 2H* - 2Fe®* + H,0 (2.15)
FeS, + 14Fe3* 4+ 8H,0 — 15Fe?* 4+ 16H* + 250,% (2.16)
MS,_ + 2Fe3t - M?* + 5% 4 2Fe?* (2.17)
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SO +20, + H,0 » 2H* +S0,°" (2.18)

The ability of A. ferrooxidans to oxidise sulfur in the absence of iron ions is used as support
for the direct mechanism [6]. However, previous studies suggest that only Fe (lll) ions and
protons are able to dissolve metal sulfides and that microorganisms regenerate these
components [6,31,69]. Spectroscopy has opened the door to understanding the key
mechanisms due to bio-modification of surfaces [52]. The surface of the bacterial cells are
small scale active sites on the mineral surface for nucleation and propagation [52]. These
active sites result in both stable and transient small scale surface chemical heterogeneities

[52].

Studies from Harneit, et al. [9] looked at A. ferrooxidans, A. thiooxidans and L. ferrooxidans
attachment on pyrite, chalcopyrite, quartz, sphalerite and galena [9]. Primary attachment of
the microbes was found to occur in areas which contain visible defects and the attachment
was found to be selective [9], with most strains being mineral selective and restricted to
crystal boundaries with the bacteria attaching readily through chemotaxis [9]. A monolayer
of cells or single cells were observed on the surface after as little as 24 hour exposure [9].
These microbes can also accumulate metal cations through three different pathways:
metabolic — independent, passive and metabolic — dependent [38]. These are similar to the
interactions illustrated in Figure 2.7. The accumulation of the metal cations is determined by
two characteristics of the bacterial cell, these being the sorptivity of the cell envelope and the

capacity of the cytosol [38].

2.3.3  Bioleaching
Bioleaching is a leaching process where microorganism and their metabolic pathways are
used as catalysts in the oxidation of metallic sulfides [70]. This process converts the ore into
soluble metallic ions and sulfuric acid at a faster rate than chemical leaching [13,56,66,69-73].
Although only a few decades old, this minerals processing technique has been used as a low-
cost process to extract metals from low grade ore and proven to be more environmentally
friendly than traditional sulfide mineral processing techniques [55,66,70]. Bioleaching is
environmentally benign in comparison to chemical leaching as strong chemicals, high
temperatures and pressures are not required [66]. With the technical and economic

advantages, bioleaching of sulfide mineral systems have been thoroughly investigated for the
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recovery of copper, uranium, refractory gold and other precious/semi-precious metals
[55,74]. The mesophilic iron and sulfur oxidising bioleach microbes A. ferrooxidans, A.
thiooxidans, L. ferrooxidans, and Acidithiobacillus caldus (A.c) are bacterial strains which have
been isolated from leaching sites and investigated for the use in sulfide mineral systems

[7,9,11,31,42,54,63,71,74-79].

Microbes have been used in the oxidative dissolution processes of sulfide minerals for several
decades [6]. It has been theorised that the catalysis action of the microbes occurs through
either a direct or indirect mechanism [6]. The direct mechanism assumes that the microbial
cells are directly responsible for the oxidative reactions through attachment of the cells on
the mineral surface. While the indirect mechanism assumes that the cells are responsible for
the oxidation through indirect reactions of the surface. These mechanisms have also been
referred to as contact leaching (direct) and cooperative dissolution (indirect) [80]. These two
mechanisms, while oxidising the sulfide, produce different oxidation pathways as picture in
Figure 2.8. The thiosulfate mechanism suggests the formation of sulfate through a thiosulfate
intermediate. In the occurrence of a direct mechanism, the thiosulfate intermediate is not
observed. Likewise, the polysulfide mechanism results in the production of sulfate through a
polysulfide intermediate. This pathway represents an indirect mechanism. This ability to
oxidise sulfide minerals via different pathways is what leads to a wide application in
bioleaching [6,69,80].

Image removed due to copyright restriction

Figure 2.8: Reaction pathways for metal extraction from metal sulfides using A. ferrooxidans (A. f) and L.
ferrooxidans (L. f) . Image from Blowes, et al. [6] adapted from Sand, et al. [69]
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Rojas-Chapana and Tributsch [12] used mixed cultures of these sulfur-oxidising mesophilic
microorganisms for the bio-desulfurisation of high sulfur coals and the biological removal of
sulfur and ash from fine grained high pyritic sulfur coals. Similarly, Sand, et al. [77] and Lavalle,
et al. [74] used these bacteria in both single and mixed cultures to test the effect of
temperature range on their iron oxidising capabilities and growth kinetics at a range of
temperatures [74,77]. The influence of pH on the growth kinetics and iron oxidation was also

studied by Lavalle, et al. [74].

Rao, et al. [54] observed autotrophic and heterotrophic bio-solubilization and bioleaching of
sulfide ores, waste and low grade mineral including soils and mud, lateritic or copper
converter slag, fly ash and electronic waste material [54]. The application of bioleaching
technology has also been used for the recovery of phosphorus from different phosphate ore
[12].The bioleaching of pyrite has also been studied, with bacterial attachment observed with
the presence of local forms of corrosion in the form of surface pitting [12]. It was also
determined that the contact mechanism of bacteria plays an important role in the dissolution

of pyrite [9].

Bioleaching investigations have also had a particular interest in thermophiles, as they
demonstrate a higher rate of metal solubilisation than mesophilic bacteria [13,66,71,72].
Thermophiles have been proven useful in the extraction of metals from industrial waste,

including sewer sludge, spent batteries, fly ash and electronic scrap.

The microorganisms used to facilitate hydrometallurgical leaching have also shown great
promise in other mineral beneficiation techniques such as bio-flotation and bio-flocculation
[54]. The study conducted by Gu, et al. [81] showed a change in the surface properties of

pyrrhotite when exposed to Leptospirillum firriphilum and Acidithiobacillus caldus [81].

2.3.4 Bio-flotation
Bio-flotation is a biotechnology ‘green chemistry’ approach to solving the conundrum of
mineral recovery and environmental impact [54]. Bio-flotation works on the principles of froth
flotation; however, the synthetic flotation reagents are replaced with microbes, which
naturally occur at mine sites, and their metabolites. The microorganisms and their

metabolites can act as bio reagents by exhibiting hydrophobic or hydrophilic properties when
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adhered to the surface [42,82], replacing the need for traditional flotation reagents such as
xanthates and cyanides. In comparison to the inorganic compounds used in conventional
flotation, bacteria and their metabolites are non-toxic and environmentally benign [42]. The
selective flotation and/or depression of sulfides and oxides has been studied with a variety of
different microbes, with the use of heterotrophic and chemolithotrophic bacteria being used
in bio-flotation processes for at least the last two decades [42]. These are microbes include
Mycobacterium pheli, Rodoccocus opacus, Acidithiobacillus thiooxidans, Acidithiobacillus
ferrooxidans and Leptospirillum ferrooxidans [42]. Currently bio-flotation is conducted at
micro-flotation scales, with literature summary of the parameters used for recent studies
shown in Appendix |: Bio-flotation Literature Comparison. While bio-flotation has been
investigated over the last few decades, the summary presented in Appendix | indicates there
are still many variables to investigate thoroughly. These variables include strain of bacteria,
gas used for flotation, concentration of reagents/cells and exposure conditions [40,83,84].
Understanding the impact of these variable on different mineral systems will help optimise
the process. The use of A. ferrooxidans and L. ferrooxidans for application in bio-flotation has
been investigated, with recent studies focusing on selective attachment and EPS expression

[11,15,23,85].

A. ferrooxidans have been investigated for their effect on iron sulfide flotation due to their
ability to oxidize iron and inorganic sulfur compounds [86]. Bio-flotation studies using
A. ferrooxidans and EPS products have included the separation of pyrite from chalcopyrite
and arsenopyrite [15,23,87,88]. These studies suggest selective attachment to pyrite occurs
with irreversible attachment to pyrite observed within minutes [88], while attachment to
chalcopyrite was observed after 12 days, allowing for successful separation [89]. The
enhanced absorption of cells on pyrite resulted in selective depression of pyrite over
chalcopyrite and arsenopyrite, and greater dissolution was observed in the presence of active
cells with EPS [9,15,23,28]. Investigations into the effect of EPS on the bio-modulation of
pyrite and chalcopyrite found cells with EPS resulted in a lower recovery than the free

extracted EPS alone [42].

Similarly, Chandraprabha and Natarajan [14] found that interactions between both pyrite and
chalcopyrite with A. thiooxidans rendered the mineral surface hydrophilic. This resulted in an

isoelectric shift of both minerals to a higher pH which was assessed through electrophoretic
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mobility [14]. In this system, pyrite was selectively depressed at both neutral and acidic pH
with successful flotation of chalcopyrite. Floatability of pyrite was increased with the addition
of collector and in the presence of cells at a low pH [14]. This can be explained through the
formation of alkyl xanthate species on the surface [14]. In aqueous systems alkyl xanthate is
physisorbed to the surface of pyrite, increasing the hydrophobic properties of the surface and
therefore the floatability. In the case of chalcopyrite, these alkyl xanthate ions are strongly
chemisorbed to the surface through the coordination to specific copper sites on the mineral
surface, forming the highly hydrophobic copper (I) alkyl xanthate [14]. Likewise the study
conducted by Chandraprabha, et al. [15] found that pyrite was supressed after
biomodulation. However, the pyrite was activated when conditioned with chalcopyrite due
to the copper ions in solution. Chandraprabha, et al. [15] also determined a relationship
between the pH and pyrite floatability; acidic environments increased floatability and alkaline

environments decreased floatability.

Govender and Gericke [42] investigated the influence of free EPS on the separation of
chalcopyrite and pyrite. Interestingly, a maximum yield of 77% was reported for single mineral
chalcopyrite flotation, with the chalcopyrite yield decreasing in differential flotations with
pyrite. This study also concluded that prior conditioning of pyrite with A. ferrooxidans can

reduce xanthate use [42].

2.3.5 Bioreagents

Bio reagents or biological reagents refer to chemicals that are of biological origin such as an
enzyme, protein or sugar. As bio reagents are organically occurring compounds, they produce
less damage to the environment and have been proposed as replacements for the chemicals
currently used in traditional flotation processes. Bio-flotation and bio-flocculation processes
are concerned with a minerals response to bio reagents [54]. The bio reagents and
microorganisms used alter the physicochemical properties of the mineral surface, these
properties being: atomic and electronic structure, net charge/potential, acid/base properties
and the wettability of the surface [54]. Microbes have been known to play an important role
in bio modulation of minerals using biological compounds such as biopolymers, including
lignhocellulose, chitin and polysaccharides, such as dextrin and guar gum [38,84]. The microbial

cell and/or the metabolic products can directly or indirectly modify the surface chemistry of
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the mineral similar to surfactant molecules [42]. The method and mechanism by which the

modification occurs changes depending on the bio reagent.

These characteristics are dependent on the presence of the non-polar and polar functional
groups present on the cellular surface of the microbe [42]. The non-polar groups include
hydrocarbon chains while the polar groups include carboxyl, hydroxyl and phosphates [42].
The study by Subramanian, et al. [84] has proposed a chemical complexation mechanism
between polysaccharides and the mineral surface, where the hydroxyl groups present in the
polysaccharide interact with the metal hydroxides on the mineral surface through hydrogen
bonding and chemical forces [84]. Subramanian, et al. [84] also discuss a theory where the
polysaccharides act as a Bronsted acid and the hydroxyl groups act like a Bronsted base, which
leads to better attachment in basic conditions [84]. The adsorption of proteins is proposed to
be different, using electrostatic forces, hydrogen bonding, hydrophilic interactions along with
Van der Waals interactions [84]. The study conducted by Deo and Natarajan [90] indicates the
presence of proteins on the surface increases the hydrophobic properties, while enhanced

hydrophilicity was observed with the presence of polysaccharides.

2.4 Biofilms and Extracellular Polymeric Substances

Microbial cells can grow in association with surfaces in agueous environments, this
attachment of cells to the surface is the initial step which leads to Extracellular Polymeric
Substances excretion and the formation of biofilms [67,91]. EPS is known to mediate the
attachment of microbes, A. ferrooxidans, A. thiooxidans and L. ferrooxidans, to growth
substates such as metal sulfides [9,92], but EPS also plays a pivotal role in biofilm formation.
The schematic presented in Figure 2.9 shows the cell cycle on a surface and the formation of
biofilm. When planktonic cells interact with a surface, they are reversibly attached until EPS
is secreted to ‘stick’ them in place. Once the cells are irreversibly attached to the surface, they
start to replicate, forming a microcolony. As the microcolony grows, the EPS produced

crosslinks and complexes to form structured aggregates, becoming a biofilm [9,93-95].

32



Chapter 2: Literature Review

— =TT
_ T

(Resources and
3 Temperature)

Ve

(Environmental Cues)

Surface
1 — Reversible attachment 4 — Maturation
2 = Irreversible attachment 5 - Dispersal

3 - Microcolony

Figure 2.9: Schematic of biofilm formation on a surface. Adapted from Pinto, et al. [95]

The main role of the biofilm matrix is to protect the microbial community but also facilitates
the structural organisation and influences metal adsorption and immobilization [91]. The
biofilm matrix is highly hydrated and constructed of EPS components to keep cells together
and retain water [96,97]. Interactions between the EPS components activate the biofilm
matrix [97]. These interactions between the EPS components produces stability through the
entanglement of biopolymers, crosslinking via multivalent cations and hydrophobic
interactions [97]. This can be done by altering the surface chemistry of the underlying
substrate [96]. The molecular adhesion of cells to a solid substrate includes hydrophobic,
electrostatic, covalent and polymer — polymer interactions between the EPS and substrate
surface [96]. Harneit, et al. [9] has successfully visualised the biofilm matrix using atomic force
microscopy (AFM). Each component present within the EPS has a different role in the biofilm

matrix, as seen in Table 2.1 below.

Table 2.1: Structural breakdown of EPS components including the effect, nature and role of components as
displayed in Flemming, et al. [97]

Effect of EPS Component Nature of EPS Component Role in Biofilm

Neutral polysaccharides Structural components

Constructive .
Amyloids Structural components

Charged or hydrophobic

Sorptive . lon exchange, sorption
P polysaccharides & P
Active Extracellular enzyme Polymer degradation
. Amphiphilic Interfacial interactions
Surface — Active phip . .
Membrane resides Export from cell, sorption
. Lectins Specificity, recognition
Informative . . P . 'y g'
Nucleic acids Genetic information, structure
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Redox active Bacterial refactory polymers Electron donor or acceptor?

Nutritive Various polymers Source of C, N and P

The EPS excreted by microorganisms is a complex mixture of polymers which includes
products derived from lysis and hydrolysis of organic matter [92]. The EPS is incredibly
important to cells as it determines the immediate conditions of the surrounding
microenvironment [97]. These conditions change depending on the composition of EPS but
include the porosity, density, water content, charge, sorption properties, hydrophobicity and
mechanical stability [97]. It has been widely noted that the EPS is mainly composed of
proteins, polysaccharides (neutral sugars), lipids (free fatty acids), carbohydrates and humic
substances. Other components such as glycoproteins, glycolipids, uronic acid, extracellular
DNA or nucleic acids and the presence of iron (ll) ions have also been found in EPS
[9,42,91,92,97]. The composition of EPS has been documented to change depending on the
strain of bacteria and external factors such as growth medium and incubation conditions [92].
He, et al. [92] found that the concentration of EPS produced and the chemical composition of
the EPS is linked to the bacteria type. Mesophilic bacteria have a higher content of
polysaccharide, while the thermophilic stains have less [92]. Jiao, et al. [91] quantitatively and
qualitatively compared the chemical composition of EPS from a mid-developmental stage
biofilm (DS1) and a mature biofilm (DS2). It was found that more than twice the amount of
EPS was derived from the DS2 biofilm than the DS1 biofilm with significant compositional
differences [91]. From this study it was concluded that the composition of EPS from acidic
biofilms is dependent on the maturity and controlled by the microbial communities and their

geochemical environment [91].

A range of bacteria and archaea including Acidianus brierleyi, Acidianus manzaensis,
Metallosphaera sedula, Sulfolabus metallicus, Acidithiobacillus ferrooxidans, Leptospirillum
ferriphilum and Sulfobacillus thermos-sulfidooxidans were analysed by He, et al. [92] for a
comparison of EPS components in different conditions. A comparison of medium and
incubation conditions of different temperatures and pH were used to analyse the difference
in the protein content, polysaccharide content, iron content and galacturonic acid content in
the EPS excreted [92]. It was found that the bioleach microbes produce a higher amount of

EPS when grown on pyrite than sulfur or ferrous ions [92].
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Harneit, et al. [9] studied the difference of growth medium on the composition of the EPS
produced from L. ferrooxidans and A. ferrooxidans. The cultures were grown on pyrite, sulfur
and iron (Il) ions [9]. It was found that for both the L. ferrooxidans and the A. ferrooxidans,
the EPS of the pyrite grown cells and the iron (II) grown cells contained iron (Il) ions and uronic

acid, while the sulfur grown cells did not [9].

Recent studies by Hippe [60] and Harneit, et al. [9] focused on the growth of L. ferrooxidans
on pyrite and chalcopyrite and the composition of EPS excreted. Harneit, et al. [9] found the
EPS composition to be glucose, glucuronic acid, fatty acids and iron ions where 16% was
attributed to sugars, 2.3% was iron ions and the was fatty acids. Hippe [60] found the EPS to
be mainly comprised of neutral sugars, iron species and some uronic acid. The presence of
the iron species suggests that the EPS is a prerequisite for the attachment of bacteria to the
metal sulfide surface and chemical attack [60]. The physiological conditions allow the EPS to
render the cell as a net positive charge [9]. The EPS complexed to iron (lll) ions enables the
cells to attach primarily to the pyrite surface by electrostatic interactions as pyrite is
negatively charged [9]. Harneit, et al. [9] claims that the dissolution of mineral takes place
within the reaction space which involves EPS containing iron (lll) complex. He, et al. [92]
believes that the EPS could act with concentrated ferric ions to form a special layer in which
the mineral is oxidised by the ferric ions releasing an energy source such as sulfur and ferrous
ions into the surroundings [92]. Hippe [60] also examined the cell free extract and found that
it contained ribulose bisphosphate carboxylase activity, which demonstrates the autotrophic

nature [60].

The speciation and distribution of metals in many subsurface and aquatic environments can
be controlled by the binding of heavy metals onto the surface of both minerals and bacteria
[96]. This means that the EPS could potentially have a significant effect on metal adsorption
characteristics and acid-base properties of the bacterial cells [96]. The high binding constant
and binding enthalpy of EPS indicates that they are a thermodynamically favourable ligand to
heavy metals [98]. The enthalpy of these reactions indicates that it is an exothermic reaction
when metal ions bind to the EPS [98]. This metal chelation by EPS is a crucial mechanism in
the natural detoxification of heavy metals and hence a vital process in bioremediation [91].
The EPS helps prevent microbes against heavy metal toxicity through its capacity to bind with

metals, although the binding mechanisms and strengths are not well documented [98].
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Equilibrium adsorption experiments, isothermal titration calorimetry and potentiometric
titration techniques were used to investigate the adsorption of Cu?* in montmorillonite and
goethite by EPS extracted from Pseudomonas putida. The results indicate that the Cu?* ions
mainly interact with the carboxyl and phosphoryl groups as inner sphere complexes on EPS
molecules and their composites with mineral [96]. While a similar study by Sheng, et al. [98]
determined that metal binding to EPS greatly influenced the distribution of heavy metals in
microbial aggregates and found that humic acid and proteins are strong ligands for Cu?*, with
the possibility of the Cu?* ions bonding with the oxygen atom in the carboxyl groups within
the EPS. The binding process was found to be exothermic and thermodynamically favourable
through calculation of enthalpy and binding capacity constant [98]. It was found that the
increase of pH resulted in an increase of binding sites for Cu, Pb and Cd, whereas the binding

constant did not indicate this variation for all at a pH of 7 [96].

Harneit, et al. [9] also looked at the growth of A. ferrooxidans on iron (Il) ions and pyrite with
sulfur and A. thiooxidans grown on sulfur. It was found that the sugar component of the EPS
was composed of rhamnose, fructose, xylose, mannose, glucose and glucuronic acid, with a
range of fatty acids and iron ions [9]. Likewise, Jiao, et al. [91] found the glycosyl composition
to be galactose, glucose, heptose, rhamnose and mannose. While Lima, et al. [99] found that
the composition of monosaccharides in the EPS of Agaricus brasiliensis were as follows:

mannose (58.7%), galactose (21.4%), glucose (13.1%), rhamnose (3.9%) and xylose (2.8%).

A large quantity of aromatic structures are within the EPS as well as unsaturated fatty acid
chains with fluorescent characteristics [98]. The fluorescent characteristics can be used to
provide information about the structure, functionality, configuration and heterogeneity of
the EPS [98]. Thermodynamic analysis is carried out using calorimetry as all physical, chemical
and biological processes are accompanied by heat exchanges [98]. Analysis of EPS has been
conducted through multiple techniques. He, et al. [92] analysed the protein content through
a protein dye method, polysaccharide content was analysed through the anthrone method
and galacturonic acid was analysed using fosulfuric acid-carbazole colorimetry [92]. Other
studies have used the Bradford assay to analyse protein content, phenol-sulfuric assay to
analyse the carbohydrate content and uronic acid assay for the uronic acid content [28]. No
previous studies of A. ferrooxidans, L. ferrooxidans and A. thiooxidans on different growth

conditions and EPS composition have been conducted [92].
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Merino, et al. [56] formulated an equation of biomass formation by assuming the composition
of CH18005No.2, as shown in Equations 2.19 and 2.20 with each equation representing a

different nitrogen sources.

1 1—4.2Y, 1
€O, + —Fe?* + 0.2 NH," + M02 + (— - 0.2) H*

Y:SX 4YSx YSx
1 1
— CH18005Ng2 + §F33+ + (ZYSx - 0-6) H, (2.19)
1 1— 4.8Y. 1
CO, + —Fe?* 4+ 0.1N, + goz +—H*
YSX 4YS;vc YSx
1 1

= CHy5005Nos + = Fe®* + (35— = 0.9) H, (2.20)

Where Ysx represents the biomass yield of the ferrous iron. This reaction gives the sulfide
minerals a high affinity to ferrous ion and a low sensitivity to ferric ion inhibition, giving this

reaction importance in bioleaching [56].

2.5 Objectives

The objective of this study is to optimise the recovery of chalcopyrite through bio-flotation
from a mixed mineral system. To achieve this, there are two key elements to be investigated.

These are:

I.  The impact of growth conditions on the behaviour of the bioleach microbes
Leptospirillum ferrooxidans and Acidithiobacillus ferrooxidans.
II.  The relationship between the microbe behaviour, Extracellular Polymeric Substances

composition and flotation behaviour of sulfide minerals.

This will be achieved through cell attachment studies, surface analysis using spectroscopic

techniques and micro-flotation tests.
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3 EXPERIMENTAL AND TECHNIQUES

3.1 Introduction

To better understand and optimise the bio-flotation separation of chalcopyrite from pyrite, a
study investigating the microbe — mineral interactions and the connection between growth
conditions and the composition of extracellular polymeric substance (EPS) excretion was
necessary. To achieve this, a combination of chemical and physical analysis techniques were
employed. The use of bio-flotation studies in combination with surface sensitive

spectroscopic techniques, played a key role in this project.

3.2 Material

3.2.1 Minerals
Natural mineral samples of pyrite (Huanzala mine, Peru), chalcopyrite (China) and
arsenopyrite (China) were sourced from GEODiscovery (The Willyama Group, New South
Wales, Australia). The haematite (unknown origin) sample was also sourced from
GEODiscovery (The Willyama Group, New South Wales, Australia). Chemical analysis of the
mineral was conducted through total acid digestion using inductively coupled plasma mass
spectrometry (ICP-MS; Perkin Elmer NexION 350D), inductively coupled plasma optical
emission spectroscopy (ICP-OES; Perkin ElImer Optima), and quantitative microprobe (Cameca
SXFive electron microprobe at 20 kV and a specimen current of 20 nA). Quantitative X-Ray
Diffraction (QXRD; Bruker D8 Advanced Eco Bragg-Brentano geometry Co Ka) with an internal
standard of analytical grade corundum (Al;03) was used to confirm the mineral phases

present. Elemental analysis of pyrite, chalcopyrite and arsenopyrite is shown in Table 3.1.

Table 3.1 ICP-MS/OES elemental composition of mineral wt(%)

S Fe Cu Na Mg Al P Ca As
Chalcopyrite” 29.7 25.6 29.0 0.01 0.06 0.09 1.32 2.89 -
Pyrite 51.6 45.4 0.07 - 0.01 0.02 - 0.03 -
Arsenopyrite 29.7 53.0 0.32 0.01 0.10 0.34 - 0.32 3.56
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The elemental analysis conducted by ICP-MS/OES and microprobe, with confirmation from
QXRD, indicated that pyrite was the primary mineral phase for the pyrite sample. The purity
pf pyrite was calculated to be 96.4%. Similarly, chalcopyrite was identified as the primary
phase in the chalcopyrite sample with a calculated purity of 83.5%. Analysis of the
arsenopyrite indicated that the sample was low grade with a calculated purity of 8.7%, with
the primary phases identified as iron sulfides and iron oxides. While this sample was low
grade, it was still deemed suitable for bacterial adaption. The haematite was analysed
through QXRD only, the composition determined to be a combination of different iron oxide

phases. The primary phase was confirmed to be haematite with a purity of 77%.

3.2.1.1 Mineral Crushing and Grinding

Mineral crushing was conducted at the Future Industries Institute, the University of South
Australia. Mineral samples were ground to a Dgg of 50 pim, where 80% of the mineral particles
has a diameter of 50 um or less, using a rubber lined Galigher mill in water, with steel rods as
the grinding media. The resulting pulp was wet sieved into three different size fractions of -
38 um, +38 — 75 um, and +75 um. Mineral fractions were stored at -80°C in sealed containers

purged with nitrogen [1].

3.2.2  Archaea and Bacteria

3.2.2.1 Leptospirillum ferrooxidans and Acidithiobacillus ferrooxidans
Active growing cultures of bacterial strains Leptospirillum ferrooxidans (DSM 2705) and
Acidithiobacillus ferrooxidans (DSM 14882) were obtained from DSMZ (Braunschweig,
Germany). Base cultures of Leptospirillum ferrooxidans (L. f) and Acidithiobacillus
ferrooxidans (A. f) are grown as a 1% inoculate in modified Leptospirillum HH media (solution
A and B). Mineral cultures are grown as a 10% inoculate in modified Leptospirillum HH media
(solution A) with 20 grams of 38 - 75um mineral (pyrite, chalcopyrite or arsenopyrite). All
cultures were inoculated at late exponential phase and maintained at 30°C and 155rpm on a

rotary shaker.

3.2.2.1.1 Growth medium — Modified Leptospirillum HH medium
Modified Leptospirillum HH media was made in two parts; Solution A and Solution B. Solution
A consists of (NH4)2S04 (132 mg), MgCl,-6H,0 (53 mg), KH2PO4 (27 mg), CaCly:2H,0 (147 mg)
in 950mL of ultrapure Milli — Q water, adjusted to a pH of 1.8 using 10N H;SOa. Solution B is
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an iron (Il) sulfate solution comprised of FeS04-7 H,0 (20 g) in 0.25N H;S)4 (50mL). Solutions
A and B are sterilised separately in an autoclave (121°C and a pressure of approximately 29.6

psia) before being mixed prior to inoculation.

3.2.2.2 Culture Growth and Monitoring

Cell quantification is usually determined through either live-dead counts or counts through
the use of a Neubauer chamber (hemocytometer) [2]. Live-dead counts require staining of
cells, which presents difficulties in Gram-negative cells. Culture growth and cell concentration
was monitored through cell counts using a Hemocytometer at 40 times magnification using
an Olympus BH-2 optical microscope. The cell concentration was calculated using the

equation below in Equation 3.1 [3].

Prior to sampling, the culture is gently swirled to increase the likelihood of a homogeneous
sample A 500 pL aliquot is taken from the culture using an automated pipette, with a 10 pL
aliquot injected into the hemocytometer. The cell concentration was calculated using 5 grid
squares of 2.5 p? with a volume of 2.5x 10”7mL. Counts were conducted in technical replicates

and an average cell concentration calculated.

number of cells counted volume of diluted sample
Cells = ( / ) ( ! )

(proportion of chanber Counted)(vsquares counted) Voriginal culture

(3.1)

The growth curves obtained are assessed for the six distinct growth phases expected
throughout the culture’s growth cycle. The six phases are: lag phase, acceleration phase,
exponential phase, retardation phase, stationary linear phase and the decline phase, shown
in Figure 3.1 [4]. These growth phases indicate the growth rate of the culture, which is
dependent on the strain and growth environment. At the point of inoculation, the growth
rate of the culture is equivalent to zero and labelled the lag phase (phase 1). The initial
increase of cell concentration occurs at a rapid rate, which is considered the acceleration
phase (phase 2). This is followed by the exponential phase (phase 3). The culture moves from
the acceleration phase to the exponential phase when the cell concentration increases at a
steady rate. At the end of the exponential phase, the rate of cell replication starts to steadily
decrease, which is known as the retardation phase (phase 4). The steady decrease in cell

replication rate then leads into the linear stationary phase (phase 5), where the rate of cell
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replication is equivalent to the rate of cell death. Eventually, the equilibrium will be shifted as
the rate of cell death becomes greater than the rate of cell replication, this is the decline
growth phase (phase 6). It is possible for one or several of these growth phases to be absent,

depending on the growth conditions and the length of the phases [4].

Image removed due to copyright restriction

Figure 3.1: Growth phases of cultures. Lower curve: concentration of cells against time. Upper curve: Rate of
growth expected for respective phase. Vertical dotted marks represent the limits of phases. Image from
Monod [4]

3.2.2.3 Ferrous lon Titrations
As L. ferrooxidans and A. ferrooxidans have the ability to oxidise ferrous iron (Fe Il) to ferric
iron (Fe 1), the concentration of ferrous ions in solution over time can indicate growth of the
cultures. The ferrous ion concentration was monitored through oxidation — reduction
titrations with cerium (IV) sulfate, as the oxidising agent, and 1,10-phenathroline indicator

(0.025 molL). The net ionic equation is seen below in Equation 3.2 [5].
Ce**(aq) + Fe?**(aq) — Ce3*(aq) + Fe3*(aq) (3.2)

The ferrous iron concentration is calculated using the titre value of the cerium (IV) sulphate
and the molar ratio in Equation 3.2 above, and the molar concentration equation in Equation

3.3, where c = concentration, n = number of moles and v = volume.
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n
c=-=
v

(3.3)
At each time frame, 10 mL samples were taken from the culture and passed through a 0.22pum
sterilized, single use membrane filter for the removal of cells and mineral particles, of present.
After filtration, Eh and pH measurements were taken before splitting the sample into 3mL
aliquots and placed into a clean 100mL conical flask. To each aliquot, two drops of 1, 10-

phenathroline indicator was added and the sample was tittered against cerium (IV) sulphate

until a colour change (red to blue) was observed.

3.2.2.4 Extracellular Polymeric Substance (EPS) Supernatant

EPS supernatant was harvested from upscaled late exponential phase cultures. Cultures were
scaled up to a total volume of 1 L using the growth medium ratios outlined above in Section
3.2.2.1, with the initial concentration of cells held as a constant at 1.5x107 cells/mL. Mineral
particles were removed from the culture through vacuum filtration, using a 5 um Millipore
SMWP mixed cellulose membrane. The filtrate was then centrifuged at 15,000 rpm to pellet
and remove cells. To ensure all cells were removed, the decanted supernatant was then
filtered through a 0.2 um Millipore Isopore hydrophilic membrane, with the filtrate classed as

the free EPS supernatant [1].

3.2.3  Flotation setup/glassware
The modified Hallimond tube was designed with a P4 sinter to achieve an optimal bubble size
suitable for the +38 -75um fraction size. The modified Hallimond tube is comprised of two
segments, the flotation chamber and the collection tube, as shown in the schematic in Figure
3.2. The flotation chamber has a volume capacity of 50mL, while the bubble size is determined
by the flow rate through the sinter. As discussed in Section 2.2.3 above, the bubble size
required is determined by the particle size, with the optimal bubble size for + 38 um — 75 um
fraction size is in the range of 0.6 mm and 1.0 mm. 4Glassware was produced by Emerald

Scientific Glassblowing & Signs (South Australia, Australia).
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B A - Flotation Chamber

B — Collection Tube

C - Collection Flask

D - Direction of air flow

E — P4 Sinter

F — Magnetic Stirrer

Figure 3.2: Schematic of the modified Hallimond tube for micro-flotation set up

3.3 Experimental and Analysis

3.3.1  Scanning Electron Microscopy

3.3.1.1 Background
Scanning Electron Microscopy (SEM) is a microscopic imaging technigque which uses a focused
beam of high-energy electrons; allowing greater magnification, higher levels of detail and
complexity of samples in comparison to traditional microscopic imaging techniques [6]. A
number of interactions occur when the incident electrons of the electron beam interact with
the sample surface; these include the production of photoelectrons, Auger electrons,
fluorescent photons and secondary electrons. SEM measures the secondary electrons,
backscattered electrons (from elastic scattering) and the characteristic x-rays emitted via the
interaction between the sample and the beam, producing morphological and elemental

information of the sample [6]. These interactions are illustrated in

Figure 3.3 below.
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Figure 3.3: Schematic illustrating the possible electron interactions which occur during scanning electron
microscopy, showing the production of secondary electron, back scattered electron, and characteristic x-ray

The most common and surface sensitive imaging mode of operation is the secondary electron
(SE) mode, producing high resolution morphological information of samples. In this mode, the
electron beam interacts with the top few atomic layers of the sample, allowing for loosely
bound electrons to be emitted from the surface as low energy (approximately 2 — 50 eV)
secondary electrons. These electrons are created through an inelastic collision; where an
incident electron collides with an atom within the sample and knocks out a previously bound
electron. Since these interactions are inelastic, the energy of the secondary electrons is
reduced and therefore the escape depth in minimised, thus delivering surface sensitive

micrographs.

Information relating to the elemental distribution of the sample can be gathered through the
Back Scattered Electron (BSE) mode. Backscattered electrons originate from the primary
electron beam and have scattered elastically from the surface before being detected. In this
mode, the energy of the electrons is greater than the SE mode, therefore there is a larger
interaction volume in the material. The energy of the scattered electrons is dependent on the
atomic mass of the atom of which the electron beam interacts with. Atoms with a larger
molecular weight, scatter electrons with a higher energy, while lower molecular weight atoms
scatter electrons with a lower energy. The energy difference of these electrons is conveyed
in the image by intensity. Therefore, the contrast in the electron micrographs measured with

backscattered electrons can give an indication of heterogeneity of the composition of the
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sample’s surface. However, physical characteristics of the sample can impact the brightness

of the image obtained through back scattered electron imaging.

The most compositional information is obtained from the characteristic x-rays. Characteristic
x-rays are produced during the inelastic electron-matter interaction, when an outer electron
relaxes to fill a core hole. Core holes are produced by Bremsstrahlung x-rays as they excite
and ionise the inner electrons. Due to the large attenuation length, the characteristic x-rays
create a greater interaction volume in comparison to SE and BSE interactions. The energy of
the x-rays are characteristic to the composition of the sample, meaning they can be used for
Energy Dispersive Analysis by X-ray (EDAX) (also known as Energy Dispersive X-ray
Spectrometry (EDS)) to determine elemental composition. The intensity of the characteristic
x-rays is dependent not only on the quantity of each element present, but also the cross
section for the X-ray emission, as the bulk composition can influence inner shell ionisation.
Therefore, this technique can allow qualitative analysis of the composition of the sample by
producing a ratio for the elements present. Electron microprobe analysis (EMPA) uses an
especially sensitive EDS detector, with correct calibration, to provide quantitative chemical
analysis of samples. The sampling size for the x-ray beam is approximately 5um in width with

a sampling depth of approximately 1 —2 um.

3.3.1.2 Sample Preparation
Pure mineral samples with a fraction size of +38 — 75 um were sterilized via ultraviolet light
prior to bacterial exposure. Cell exposure occurred at a starting cell concentration of 1.5x107
cells/mL of the culture adapted to the respective mineral. Samples were maintained at a
constant temperature (30°C for A. ferrooxidans and L. ferrooxidans) in a Ratek rotary shaker
maintaining 155 rpm. Media controls were conducted in the same conditions, without the

presence of bacteria.

Pure mineral sections were prepared by shaping mineral pieces with silicon carbide
sandpaper of different grades and polished using a Trident polishing cloth and diamond paste
(1 um and 0.25 um) [1]. The surface of the mineral sections was cleaned through sonication
in ultrapure Milli-Q water and sterilized using ultraviolet light. Once sterilised, mineral

sections were exposed to bacterial cells as described above.
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Sample preparation for SEM imaging is as described in Bleeze, et al. [1]. Aliquots of
approximately 1 mL, containing mineral, were removed, and preserved in 1 mL of electron
microscopy (EM) fixative solution containing 3% glutaraldehyde. The samples were removed
from the EM fixative and washed with PBS buffer (phosphate buffered saline containing 4%
sucrose) before being saturated with 2% osmium tetroxide. Samples were then dehydrated
through a stepwise dehydration process using a series of ethanol concentrations (70%, 90%
and 100%). The dehydration process is completed with two washes of 1-1-3-3-3
Hexamethyldisilazane (HMDS). The first wash is 50:50 with 100% ethanol: HMDS, and the
second wash 100% HMDS and left to air dry. When dry, the samples are attached to a SEM
stub using carbon tape and sputter coated with platinum (~ 2um) to increase the conductivity

of the sample and reduce charging during the imaging process.

3.3.1.3 Data Collection

Samples were analysed using an FEl Inspect F50 Scanning Electron Microscope with an
Everhart-Thornley secondary electron detector and a solid-state backscattered electron
detector. Images were captured with a spot size of 4 micron and range of accelerating voltage
(5kV — 20kV). TEAM EDX software (version 4.1) was used to process the elemental
guantification data. An eZAF matrix calculation and corrections were applied to the scan for
guantification of elements based on atomic number (Z), adsorption X-rays (A), and secondary

X-rays (F) [7].

Imagel Processing and Analysis software was used to analyse images for particle size and cell

concentration [8,9]. An average of 10 images/particles were used for each calculation.

3.3.2  Bio-Flotation Studies

3.3.2.1 Background
Background for the bio-flotation technique was covered in Section 2.3.4. The efficiency of
flotation and separation is dependent on three factors: particle size, bubble size and flow rate.
As the mineral particle size is set at -38 +75 um, the modified Hallimond tube is optimised for
this mineral size. Therefore, the parameters for bubble size and flow rate are dependent on
this. If the bubble size is not large enough to support the weight of the mineral particles,
either the bubble bursts or the particles are dropped [10]. An increase in flow rate increases

the number of bubbles produced and in-turn the bubble size increases through the
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coalescence phenomenon [11]. Coalescence of bubbles occurs upon collision of multiple
bubbles, forming bubbles with greater volume. As the number of bubbles within the flotation
chamber increases, so does the possibility of interactions and coalescence of bubbles.
Therefore, the coalescence effect needs to be considered when optimizing the micro-

flotation cell.

Due to the relationship between flow rate and bubble size, optimising the flow rate is
imperative to optimising the efficiency of the flotation cell. The optimal bubble size for the
fraction size of +38 — 75um is 0.6 — 1.0 cm [11], therefore the flow rate is optimal when the
average bubble size is within this range. The optimal flow rate was determined through a

series of baseline recovery tests.

3.3.2.2 Experimental Procedure
Mineral samples were prepared by weighing out the required amount of pure sample (1 g for
single mineral, 0.5 g or 0.3 g for differential mineral) and sterilized via ultraviolet light for a
total of 20 minutes, with the sample shaken occasionally. The mineral fractions for differential
flotation tests are sterilised as single mineral fractions. Once sterilised, mineral fractions are
transferred to 100 mL Erlenmeyer flask and solutions for pre-conditioning are added. Pre-
conditioning of samples occurred at a volume of 20 mL with exposure time of 2 h, 12 h, 24 h,
36 h, 48 h, 60 h or 72 h. Baseline flotation tests were pre-conditioned in modified HH media
solution A, pre-conditioning to EPS occurred with EPS supernatant, and cell pre-conditioning
occurred at a starting cell concentration of 1.5x107 cells/mL. Samples were maintained at 155

rpm and 30°C (L. ferrooxidans and A. ferrooxidans) for the duration of exposure.

After conditioning, samples were transferred to a modified Hallimond tube and the total
volume increased to 50 mL with the respective media. Micro-flotation tests were conducted
for five minutes with a flow rate on 0.4 Lmin! with instrument grade compressed air. Both
floated fractions and tailings were collected and analysed through quantitative XRD and
recoveries calculated using TOPAS [1,12]. Flotation tests were conducted as collector-free

flotation tests and in the presence of potassium isopropyl xanthate (PIPX) collector (104 M).
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3.3.3  X-Ray Diffraction

3.3.3.1 Background
X-Ray Diffraction (XRD) is a technique used to determine the composition and crystallinity of
a compound and has the ability to determine the difference between polymorphic
substances. XRD uses a cobalt radiation source (Co Ko [A = 1.78892 A]) at -35 kilovolts and
30 milliamperes, where the incident x-rays are monochromatic and interact with the surface
of the crystalline structure. The resulting signal from the emitted x-rays can be interpreted

using Bragg’s law.

Bragg’s law analyses the angular difference between the incidence x-rays and the diffracted
fluorescent photons, which can be used to determine the crystalline lattice structure. The
Bragg’s law Equation 3.4, where: d represents interplanar spacing of the crystal, 8 represents
the Bragg angle (X-ray incident angle) and A represents the wavelength of the characteristic

X-ray.

2d(sinf) = 1, (3.4)

3.3.3.2 Experimental procedure

The air-dried and weighed flotation tests fractions were ground with a mortar and pestle to
less than 50 um and transferred to the zero-background sample holder. The samples of pure
mineral for quantification of purity were micro milled with 15% corundom prior to analysis.
Analysis of data collected is assisted through programs such as Jade [13] to calculate the
lattice parameters, Find it [14] determine a literature comparison and TOPAS [12] to

guantitatively analyse the data.

XRD analysis was conducted at room-temperature using a powder XRD Bruker D8 Advanced
Eco Bragg-Brentano geometry X-ray Diffractometer with a Co Ka (A = 1.789 A) irradiation
source at 35 kV and 28 mA. Samples patterns were scanned over the 20 range of 10 to 90° for
either 15 minutes (flotation fractions) or 55 minutes (mineral quantification). Diffraction
patterns were quantitatively analysed by Rietveld quantitative phase analysis (QPA) of
powder X-ray diffraction data using TOPAS [12]. The peak shapes were modelled using a
pseudo-Voigt function, with a sixth-order Chebychev polynomial used to model the
background [1]. For each diffraction pattern, the zero shift and scale factors for identified

phases were refined.
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3.3.4 Photoemission Electron Microscopy

3.3.4.1 Background
Photoemission Electron Microscopy (PEEM) is a type of emission microscopy which utilizes
local variation in electron emission to generate a contrast image. This technique is capable of
showing the spatial distribution of chemical species on the sample surface as well as
morphology. The excitation of electrons can be produced by a photon source, such as UV
light, synchrotron radiation or an X-ray source. The photon source illuminates the sample,
and the photons are absorbed, causing core holes to be formed. The emitted electrons are
passed through a series of electrostatic lenses and focused onto a fluorescent screen, as

shown in Figure 3.4.

This image was removed due to copyright restrictions

Figure 3.4: Optics schematic for the photoemission electron microscopy (PEEM) end-station, from
[http://efd.nsrrc.org.tw/EFD.php?num=242]

PEEM is surface sensitive as the emitted electrons originate from a very shallow layer of the
sample. The images collected are full field images which allows for fast imaging with high
resolution, with the resolution being better than 10 nm. The corresponding spectra can be
gathered by measuring the drain current of the sample over a range of incident photon
energies. Measuring the drain current results in the collection of Near Edge X-ray Absorption
Fine Structure (NEXAFS) spectra allowing a high chemical sensitivity. Therefore, PEEM can be
operated in three modes: spectra only —a NEXAFS spectrum is taken from a fixed area; image
only — an image is taken at a fixed photon incident energy; and 3D imaging — spectra and
imaging combined, where images of a fixed area are collected oved a desired photon incident
range and stacked on top of one another resulting in each pixel obtaining its own NEXAFS

spectrum. These three modes allow a high degree of chemical information to be recorded
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which allows detailed spatial and chemical analysis of the sample. This technique has been
employed for the characterisation of heterogeneous and complex environmental carbon

materials [15].

Near Edge X-ray Absorption Fine Structure (NEXAFS) spectroscopy is a chemical and local
coordination specific technique which is complimentary to X-ray photoelectron spectroscopy
(XPS) [15,16]. Unlike other techniques, NEXAFS measures the intensity and energy of the
incident electrons which are absorbed by the sample, rather than measuring the energy of
electrons which are ejected. Collection of spectra requires an incident photon source which
can be varied across the element absorption edge. Excitation of electrons occur when incident
photons are absorbed, leading to the core level electrons shifting to unoccupied energy levels.
This usually occurs just prior to the main absorption peak [16]. As the electrons shift from
core levels to unoccupied energy levels, NEXAFS gives information about the unoccupied
energy levels of the sample. NEXAFS spectra can be collected by measuring different
interactions that are occurring. The total electron yield mode (TEY) measures all electrons off
the sample and is often used for conventional samples. The TEY cascade involves multiple
scattering events which originate from an average sample depth, which is typically a few
nanometres. As electrons from different elements contain different energies, NEXAFS is

considered to be element specific and sensitive to the binding environment.

As fluctuations can occur within the photon current at the beamline, an lg is collected
simultaneously to the NEXAFS spectrum. This is done by measuring the photon current that
is passed through a gold mesh. This lp is used to correct the spectrum by dividing the measured
intensity of the spectrum by the lo. Fluctuations within the beam can cause the spectra to
shift, this is corrected by taking the spectrum of known standards of interested elements at
the same time. Thus, giving a point of reference for the analysis. Once the energy shift has
been corrected, the spectra are then normalised. This is done so the pre-edge region is at an

intensity of 0, while the post edge region is set as an intensity of 1.

For analysis of images and the spatial distribution, topography effects must be removed.
Images that are acquired at a peak absorption energy contain both chemical and
topographical effects. This is done by subtracting one image (background) from another

(adsorption peak). The background image is acquired at the pre-edge energy, as no excitation
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of elements should occur in this region. Therefore, the image should only contain
topographical effects such as sharp surface features and shadowing [17]. Subtracting this
image removes the pixel intensity attributed to topography effects and leaves the spatial
distribution of chemical states. Equation 3.5 represents the equation used for the
counteraction of topographical effects.

MM, +MM,

(3.5)
MM;—-MM,

Where the intensity of each pixel taken at the peak energy is represented by Mi and the
intensity of each pixel at the pre-edge is represented by M. It is important to note that for
images to be directly comparable, they must have the same parameters such as dwell time,

so removal of the background leaves an accurate representation of the surface chemistry.

3.3.4.2 Sample Preparation

Mineral sections with mixed mineral phases were prepared similar to the mineral sections
used for SEM, as discussed in Section 3.3.1.2. The mineral sections were shaped and polished
using silicon carbide sandpaper of varying grit sizes (80, 180, 240, 400, 600, 800 and 1200)
and polished to a mirror finish using a Trident polishing cloth with diamond paste (1 um and
0.25 um). The mineral sections were cleaned via ultrasonication in ultrapure Milli-Q water,

prior to UV sterilisation.

Exposure of the mineral sections to both HH media and the EPS supernatant occurred using
a volume of 300 mL and maintained at 30°C in a Ratek rotary shaker maintaining 155 rpm for
the duration of exposure. After exposure, samples were transferred to DNAse and RNAse free
15 mL centrifuge tubes and snap frozen in liquid nitrogen. Samples were maintained at -80°C
and transported on dry ice until analysis could be conducted. Exposure for the fresh EPS
sample occurred in the wet lab at the National Synchrotron Radiation Research Centre
(NSRRC). After exposure to the EPS supernatant, the excess solution was wicked away using
a KimWipe before being mounted on the sample holder. This occurred directly prior to

analysis. Samples were mounted to a conductive sample holder using conducive carbon tape.

3.3.4.3 Data Collection and Data Processing
Images and spectra were collected at the BLO5B2 beamline at the National Synchrotron

Radiation Research Centre (NSRRC) in Hsinchu, Taiwan [18]. The BLO5B2 beamline uses an
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elliptically polarised undulator (EPU5) with a spherical-grating monochromator, yielding very
high photon flux (2 x 10?2 photons S at 800eV in a 0.4 mm x 0.2 mm spot) with spatial
resolution better than 50 nm [19,20]. The beamline maintained a pressure of 107 torr
throughout the duration of experiments. The Near Edge X-ray Adsorption Fine Structure
(NEXAFS) spectra were collected with a step size of 0.1 eV and a dwell of 2-3 seconds. The lo
was simultaneously collected using a gold mesh grid. Images were generated on a phosphor
screen mounted on a CCD detector through the collection of the total electron yield (TEY)

[20], with a field of view (FOV) of 450 um with 1000 pixels per image.

The images, spectra, and stack images were analysed using the IDL package aXis2000 [21].
Topographical effects were removed from images through background subtraction to
illustrate the distribution of chemical states. NEXAFS spectra were collected from FOV analysis
and 3D images. All spectra were pre- and post-edge corrected using a linear fit using Athena
[22]. Peak fitting of the carbon K-edge was performed using the Athena package in Demeter
Version 0.9.18 [22-24]. The carbon K-edge spectra had an arctangent background applied at
290.0 eV so deconvolution could occur with a series of Gaussian peaks for the main C 1s
transitions up to 290.5 eV. The full width half maximum (FWHM) was constrained to ~0.5 eV
for peaks before the ionization step. Transitions after the ionization step were not fit with
Gaussian peaks as these transitions overlap, creating large potential error in assignments [23].

The C 1s transitions were assigned using the assignments in Table 3.2.

Table 3.2: C 1s K-edge NEXAFS transitions

Energy (eV) C 1s Transition
283.7-284.3 Unsaturated aromatic C—H, low energy rt* states, quinone [25,26]
T* protonated/alkylated aromatic [26]
284.9-285.5
n* C-C, C=C [23,25,27-30]
285.8 -286.4 n* carbonyl substituted aromatic [26]
286.0 Aromatic bound aldehyde [25]
* C=N, C=N, ni* aldehyde, aromatic C—N, aromatic C—0, aromatic
286.2 -286.4
C—ketone [25]
286.5 n* ketone/aldehyde, crosslinking polysaccharide [25,26,31]
286.8-286.9 n* amine [25]
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287.1-287.4 n* ketone C=0, aromatic C-OH [26] HARDIE
287.6—288.2 C 1s — 3p/o* CHs, CH2, CH [26]
287.8-288.2 Amide [25]

1t* resonance of carboxylic C=0, acetic/acetate, polysaccharide
288.1-288.6 [26-28,31]
Aliphatic COOH [25]

288.2 7* carboxyl group associated with protein [32]
288.6 T* carboxyl group associated with polysaccharide [28]
n* aliphatic C—=OH [25]
289.2 -289.6
C 1s —3p/o* C-OH [26]
289.9-290.1 Carbamate [25]
290 Carboxyl bound to iron [31]
290.2 —290.6 m* carbonate [25]

3.3.5 X-Ray Photoelectron Spectroscopy

3.3.5.1 Background
X-ray photoelectron spectroscopy (XPS) is a well-known chemically sensitive spectroscopic
technique. The fundamentals of this technique include the excitation of a core electron using
an X-ray source. When the energy transferred to an electron is greater than the binding
energy (Ep) of that electron, the electron is ejected from the electron shell and measured [33].

This interaction is similar to the production of secondary electrons shown in

Figure 3.3 above. Changes in the initial and final state of an atom after excitation are due to
the environment the atom is in, with the chemical state also influencing the kinetic energy
(Ex) of the ejected electron [33]. The kinetic energy of the ejected electron is used to calculate
the binding energy using Equation 3.6 [34], where hv is the incident photon energy and @ is

the work function of the system.

hv = Eb + Ek + 0 (3.6)

The spectra obtained is a convolution of peaks arising from the different kinetic energies of

ejected electrons [33]