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Abstract

Microbes have been identified close to contaminated sites such as nuclear-waste repositories
indicating their ability to interact with radionuclides. One of the main mechanisms bacteria use
involves the reduction of highly mobile radionuclides to less mobile minerals, often in the form
of oxides. The precipitated minerals are found located at the cell wall or close to the external
components of the bacterial cell suggesting a possible interaction of cell wall components or
external components of the tested bacteria with the precipitated particles. Tests on ceria, urania,
thoria and europium oxide confirmed that several biomolecules are responsible for the observed
localisation. The first experiments used lipopolysaccharides (LPS), found at the outer site of
Gram negative bacterial cells and resulted in successful sorption of LPS on all four minerals.
The Purpald assay was used to quantify LPS before and after the interaction and confirmed the
attachment of the biopolymers to the oxides with AG values in the range of physisorption (-3 to
-25 kJ/mol) for all systems. ATR-FTIR, zeta potential analysis and electron microscopy also
confirmed the attachment of the biomolecules on the minerals. Mycolic acids and
peptidoglycans, components of Gram positive bacteria, were also assessed for their ability to
interact with ceria and europium oxide. Mycolic acids showed successful sorption profiles with
AG values in the physisorption range (-10 to -17 kJ/mol) for all systems, highly dependent on
the experimental conditions. In addition, Molecular Dynamics simulations were used to
examine the interaction of mycolic acid with ceria under natural conditions (pH7) in the
presence of Na" and the calculated binding energy (-11.598 kJ/mol) agreed well with the
experimental results for the corresponding system (-16.485 kJ/mol). Additionally, preliminary
tests on peptidoglycan interactions resulted in successful sorption of the biomolecule on both
ceria and europium oxide with AG values in the physisorption range (-8 to -10 kJ/mol). ATR-
FTIR and zeta potential analysis confirmed the attachment of mycolic acid and peptidoglycan

on the minerals tested. These results suggest that the observed localisation of mineral within the



bacterial cell walls are related to lipopolysaccharide and peptidoglycan-mediated sorption and

have potential uses in treatment of nuclear waste and biomining processes.
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Thesis Outline

The first chapter of this thesis starts with the basic background of the project and introduces the
hypothesis and objectives of  this work. A literature review on what is known on bacterial
interactions with nuclear-related materials is then introduced along with a summary of the basic
theory of the techniques used during this project. Four chapters that include the practical work
then follow. Each one of those four chapters contains an introduction to the tested biomolecule,
the methodology used, the results obtained and a discussion on the meaning of the results. Chapter
2 includes the laboratory experiments carried out to examine the interaction of bacterial
lipopolysaccharides with four nuclear-related minerals. Chapter 3 includes the laboratory
experiments carried out to examine the interaction of bacterial mycolic acids with two nuclear-
related minerals. Chapter 4 includes the preliminary results of the work carried out to examine the
interaction of bacterial peptidoglycan with two nuclear-related minerals. Chapter 5 includes
computational simulations carried out to examine the interaction of bacterial mycolic acid with
ceria. A general discussion of the results along with their significance in the context of natural
systems and possible applications is found after chapter 5. The thesis is completed with general

conclusions and notes on future work.
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Chapter 1

Introduction
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Background

Micro-organisms found in aquatic and terrestrial sites are able to interact with their
surroundings in order to obtain the nutrients needed for their survival but also to protect
themselves from toxic matter (Anderson and Lovley, 2002). Certain bacterial species have been
discovered close to uranium mines indicating their ability to survive under high levels of
radioactivity (Trujillo et al., 2004; Neu et al. 2010). Since then, extensive research on the
functionalities and metabolisms of these species has been carried out. This ability of microbes is
of great interest to the nuclear industry because it could offer essential knowledge for a suitable
treatment method for the waste produced during nuclear processes. At the same time, this ability
of microbes could be used to mediate the extraction of metals from ores (such as uranium, copper
and iron) without the need for human involvement (Ananthi et al., 2012; Tomioka et al., 1992;

Markai et al., 2003; Takenaka et al., 2007).

Microbes have been found to affect radionuclides by two major mechanisms: redox
transformation or complexation. Redox transformation, which includes the reduction of highly
mobile and toxic ions and results in precipitation of biogenic minerals (Renshaw et al., 2007) is
particularly interesting. One such example is the reduction of highly mobile uranyl ions (U[VI])
which results in the formation of uranium biominerals (U[1V]) and specifically, urania (UO,). A
preferred localisation of the biogenic mineral within the cell wall (intracellularly) or at specific
positions closely-related to the cell structure (extracellularly) was observed (Lloyd and Renshaw,

2005).This specific localisation of the biominerals results in the hypothesis that:

‘one or more bacterial cell wall components (or components present at the outer boundaries
of the bacterial cells) interact with the uranium biomineral (and the other biominerals

formed) which results in localisation of the mineral particles inside or close to the cell wall'.
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Objectives

In order to examine whether the above hypothesis was true, three main objectives were proposed:

1. To examine whether the individual macromolecules present at the bacterial cell wall or
associated positions are able to interact with UO, and other chemogenic or biogenic
minerals.

2. To calculate the energy associated with the interaction between the biominerals and the
bacterial components.

3. To examine whether other radioactive species important to the nuclear industry can
interact in a similar manner with the identified biological components. These include
Eu'®, Eu™*and Eu™ (present as the oxide and often found as uranium fission products),
Th?*? (present as the oxide and used as the alternative to urania in nuclear power processes)
and Ce'™, (present as the oxide and usually used as the analogue of radioactive minerals

and specifically plutonium and uranium oxides).
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L iterature review

1.1 Nuclear Materials: Existence and Usage

Natural uranium consists of three isotopes, U**®, U*** and U** of which U**® has the
highest percentage in natural samples (~99.2%) with U?** being the second most abundant isotope
(~0.7%). Uranium is found in the earth's crust mostly in the form of oxides such as UO,, known as
urania (Weil, 2012; Housecroft and Constable, 2006). Other uranium complexes are also found in
nature due to erosion and weathering that result in dissolution of ores and mobilisation of uranyl

ions in soil and groundwater repositories (Merroun and Selenska-Pobell, 2008).

Another important nuclear-related element is thorium. Natural thorium is almost

h#? jsotope. A number of other Th isotopes are also known but due to

exclusively found as the T
their short half-lives and instability, they are not often identified in natural samples. Thorium is
found in the earth's crust mostly in the form of oxides such as ThO, known as thoria (Housecroft
and Constable, 2006). Thoria is considered as a suitable alternative to urania in nuclear-power

processes while an increase in its availability in the environment is observed due to its usage as an

alloy for high temperature procedures (Peterson et al., 1965).

Nuclear-related accidents and problems associated with long-term treatment of waste
produced during nuclear-power processes have resulted in the release of high amounts of
radionuclides in the environment (Kosog et al. 2012). Examples of such radionuclides are isotopes
of plutonium, Pu, neptunium, Np, americium, Am and europium, Eu produced during the uranium

fission cycle (Roeser et al., 2012).
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1.2 The issue

Radionuclides are unstable and continuously emit particles which are harmful to almost all
living organisms. Thus, their increased availability in the environment has resulted in a major need
for a removal method. Surprisingly, tests close to mining sites and nuclear-related waste
repositories have shown that certain families of bacteria are able to trap radioactive nuclides and
remove them from contaminated regions. Actinomycelates, [-Proteobacteria, Bacillus and
Staphylococcus are only a few examples of bacterial species that have been found to sequester

nuclear-related species (Lloyd and Renshaw, 2005; Chicote et al., 2004).

1.3 Bacterial interactions with nuclear-related materials

Several articles related to the interactions of bacteria and radioactive species have already
been published (Ananthi et al., 2012; Tomioka et al., 1992; Markai et al., 2003; Takenaka et al.,
2007). Microbes have been found to affect radionuclides by two major methods: redox
transformation or complexation. Each method has been associated with several mechanisms
including bacterial accumulation, biosorption, biomineralisation and ligand complexation. Redox
transformation which includes the reduction of highly mobile and toxic ions and results in
precipitation of biogenic minerals (Renshaw et al., 2007) is particularly interesting. One such
example is the reduction of U[VI] ions to U[IV] oxide induced by bacteria under anaerobic
conditions which leads to the precipitation and localisation of biogenic urania within the cell wall
(intracellularly) or extracellularly, closely-related to the cell structure (figures 1.1 and 1.2) (Lloyd

and Renshaw, 2005).
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Figure 1.1. Urania precipitates on Shewanella Figure 1.2. U [IV] precipitates formed by

oneidensis (Burgos et al., 2008
(Burg ) G. sulfurreducans (Lloyd et al., 2002)

In addition to urania precipitation, preliminary tests on europium reduction were reported
(Macaskie et al. 1994) following studies that demonstrated the precipitation of insoluble
europium compounds when growing bacteria were treated with europium ions (figure 1.3- Bayer

etal., 1991).

Figure 1.3. Europium precipitates on E.coli (Bayer et al., 1991)

Reduction and precipitation of complexes related to uranium, thorium and technetium
were also reported when Gram negative bacteria were interacted with the respective ions. The

resulting biogenic oxides were located at the cell wall of the bacteria (figure 1.4).
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Figure 1.4.Technetium oxides at the periphery of G. sulfurreducens (A). The
composition of the precipitate was assessed through EDAX (B) (Lloyd et al.,
2000)

In the given examples and in a significant number of additional cases associated with
biomineralisation processes (i.e. the processes involving reduction and biogenic synthesis of
minerals) under anaerobic conditions, bacteria were found to retain the biominerals formed inside
their own cells and specifically within the bacterial cell wall or closely associated with their
external bio-components. This observation resulted in a hypothesis that one or more bacterial
macromolecules located at those specific positions were interacting with the produced minerals
and were therefore holding them in place. Knowledge on the nature and basic characteristics of the
bacterial macromolecules present at the cell wall and the outer boundaries of the bacterial cell was

therefore needed in order to test whether the starting hypothesis was correct.
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1.3.1 Bacterial cell structure

1.3.1.1 Gram negative and Gram positive bacteria

Bacteria are divided into two major groups: The Gram negative and the Gram positive.
The main difference between these two types is the presence of an additional outer membrane
which controls how the Gram negative bacteria interact with their surroundings (figure 1.5)
(Murray et al.,, 2010). The outer membrane of the gram negative bacteria consists of
lipopolysaccharides (LPS), phospholipids, a specific protein known as porin, peptidoglycan
(PGN) and arabinogalactan. Examples of gram negative bacteria known for their ability to interact

with radioactive species are some Actinobacteria (Akob et al., 2007).

Gram-Negative Gram-Positive

.

Outer membrane ﬁ
\

R

Where:
i protein peptidoglycan phospholipid lipopolysaccharide Tty lipoteichoic acid

Figure 1.5. Gram Negative and Gram Positive bacterial cell wall

Gram positive bacteria do not have an outer protective membrane but have a thick layer of

peptidoglycans instead. Lipoproteins and lipoteichoic acids are also found at the outer layer of the
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Gram positive bacterial cells. Examples would be some members of the Proteobacteria group
which were identified for their ability to trap radioactive particles (Akob et al., 2007; Sutcliffe,

1998; Butler and Kilburn, 1988; Davidson et al., 1982; Sihavy et al., 2010; Riepet al., 2003).

1.3.1.2 The Mycolata family

An exception to these two major groups is the Mycolata family. Unlike most of the Gram
positive bacteria (that lack a protective membrane), the members of the Mycolata family are
considered as Gram positive but have an extra cell wall similar to the outer membrane of the Gram
negative bacteria. This outer membrane consists of a series of phospholipids and mycolic acids

(MCA); arabinogalactan, peptidoglycan and phospholipids come next (figurel.6).

hy drophobx(. small, hydroph-hc

=10 nm
mycolic acids
(60-90 C-atoms)

.............................................. arabinogalactan

% peptidoglycan
CAICTACICICAHKOITI TR ---o-o-
=6nm
--‘----------------

Figure 1.6. Members of the Mycolata family: the
‘Minnikin model’ for Mycobacterium. Adapted
from Sutcliffe (Brennan and Nikaido, 1995; Hong
and Hopfinger, 2004)

Simulation methods have been used to model and evaluate the basic structure of the
Mycolata-related cell wall (Hong and Hopfinger, 2004). An example of the simulated cell wall of

Mycobacterium tuberculosis is shown in figure 1.6.
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1.4. Interactions of cell wall bio-components with
minerals

1.4.1 Lipopolysaccharides

The sorption capacities of individual bio-components in relation to a number of minerals
have already been assessed by different research groups, in an attempt to evaluate the mechanisms
bacteria use to interact with their surroundings. Since lipopolysaccharides are the last bio-
components of the outer layer of Gram negative bacterial cells, it is assumed that they are the first
bacterial components to interact with extracellular species such as approaching particles.
Lipopolysaccharides are not only found as components of live bacteria but they are also freely
available in natural systems because of cell lysis. Thus, adhesion processes have been examined
when free and bound-LPS was left to interact with different minerals (Lu et al., 2011). Adhesion
on TiO,, SiO,, and Al,O; surfaces was assessed with the biomolecules showing high sorption
capacities (Jucker et al., 1997). In addition, ATR-FTIR studies on LPS adsorption on GeO,, a-
Fe,Os and Al,O3 have shown that the process is pH and electrolyte dependent. LPS was found to
adsorb successfully on the tested minerals while intermolecular interactions were observed when
calcium ions were present in solution. The authors proposed that sorption was mediated by
functional groups present in the O-antigen region of the molecule (more details in chapter 2) and
small differences were reported between the adsorption profile of LPS on hydrophilic or

hydrophobic surfaces (Parikh and Chorover, 2008).
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1.4.2 Peptidoglycans

Studies involving bacterial polysaccharides were performed in an attempt to examine
whether sorption is possible between the bacterial compounds and several natural minerals.
Bacterial polysaccharides were used to mimic bacterial peptidoglycan which is found in the outer
layer of Gram positive species and in a smaller percentage in the inner layer of the Gram negative
bacterial cell. Haematite, calcite and aluminium oxide were all affected by the presence of
polysaccharides in solution in terms of surface charge and flotation and it was proved that
adsorption of polysaccharides on the minerals is pH dependent (Natarajan and Namita, 2001).
Peptidoglycan moieties were proposed to show similar sorption profiles to the ones observed for
the bacterial polysaccharides due to the structural similarities exhibited by the two bio-

components.

Strong adsorption of peptidoglycan onto kaolinite was also reported (Spencer and
Kelleher, 2012). Results indicated that complexes resulting from such interactions remained
dominant after acid hydrolysis suggesting a very strong sorption product. Furthermore, several
studies have examined the adsorption of heavy metal oxides and other toxic ions including UO,*,
Pd**, Cd** onto peptidoglycan layers (Barkleit et al., 2009; Johnson et al., 2006). Specific
complexation sites were identified including carboxylic sites of glutamic acid and diaminopimelic
acid, as well as hydroxyl and amino groups (Barkleit et al., 2009). The identification of
mechanisms involving strong complexation initiated by adhesion suggested that bacterial

peptidoglycan is a possible candidate for bioremediation processes.

1.4.3 Mycolic acids

Mycolic acids (MCA) are components of the Mycolata family and are found attached to
peptidoglycan via arabinogalactan. Their location suggests that interaction of the bio-components

with approaching minerals may be possible. The binding of mycolic acids on hydrophilic and
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hydrophobic surfaces was previously reported and two different mechanisms were proposed
depending on the extent of hydrophobicity exhibited by the tested surfaces. The dependence of the
extent of interaction on the number of available water molecules in solution was also exploited
(Zhang et al., 2010). Another study examining macromolecule adhesion onto surfaces involved
polyacrylic acid, a polymer that contains carboxylic acid functional groups similar to that of
MCA. This study showed a dependence of the adhesion capacity on the pH conditions and the

conformation of the molecule (Sparks et al., 2015).

1.5. Importance and applications of interactions between
bacterial components and nuclear-related minerals

A review of the current literature suggests that no results on the sorption profiles of
bacterial components with nuclear-related minerals have been published. This knowledge is
needed in order to obtain an in-depth understanding of the bacterial processes involving nuclear-
related species. At the same time, and maybe most importantly, this knowledge is needed in order
to establish a generic mechanism that can mediate the binding and thus, collection of reduced
radioactive species from contaminated sites. Such methods would be of great interest to the

nuclear waste treatment industry as well as the mining of nuclear-related ores.

The current practices involved in nuclear waste treatment include deep geological
repositories where spent nuclear fuel (mostly urania and thoria in the form of oxides along with
fission products) or products of the nuclear cycle (mostly radioactive elements that cannot be of
use) are deposited. The efficiency of these methods is now questioned due to the release of
investigations reporting potential contamination of areas in close proximity to the nuclear
repositories (Liu et al., 2013; Gomez et al, 2006). These reports showed that migration of
radionuclides after dissolution of oxides such as urania or thoria is highly possible. Hence,
alternative methods for nuclear-waste treatment are required in order to make sure that the treated

materials do not affect the ecosystem and are not hazardous to living organisms.
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The use of microbes in order to reduce and immobilise nuclear-waste has already been
suggested as a possible alternative to the current practices by several research groups (Johnson,
2014). Microbes can mediate the precipitation of soluble radioactive particles into insoluble
minerals that can then be collected, treated and reused in nuclear power plants. Unfortunately, a
disadvantage of this approach is the very slow reaction rate and the enormous amounts of biomass
needed to treat the continuously increased waste. Another disadvantage is the lack of a technique
to recover the immobilised radioactive materials after the bacterially induced reduction, without
human involvement (Johnson, 2014). If reduction was induced by other means (e.g. chemical
substances), recovery of the reduced minerals could be obtained via polymeric substances similar
to the ones present in the bacterial cell wall that have been associated with binding of minerals.
Knowledge on the adsorption capacity of such biomolecules is therefore essential. An immediate
application of a successful polymer would be the recovery of oxide minerals from nuclear wastes

and other contaminated sites.

Another example of an ongoing industrial application is the use of bacteria to extract
useful metals from ores, known as 'biomining'. For example, copper from low-grade ores is now
extracted by bacteria using two main processes: bioleaching and bioxidation (Schippers et al.,
2014). The first process refers to the bacterially mediated conversion of an insoluble metal into a
soluble form for extraction from ores while the second process refers to the bacterially induced
change of oxidation states for further processing steps. Copper, gold, uranium, zinc, nickel and
cobalt are just a few of the metals where biomining has been used. Unfortunately, the main
disadvantage of this approach is the time bacteria need for the completion of the reactions as well
as the very small size of the microbes which indicates that a large number of them is needed in
order to extract large quantities of the wanted elements from the ores. Thus, if a suitable
biopolymer that can bind and capture the wanted metals or oxides was identified, it could
potentially find uses at the recovery stage of biomining processes (Johnson, 2014; Rawlingset al.,

1997, Siddiqui et al., 2009).
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1.6 Experimental techniques to evaluate macromolecule-
mineral interactions

Several experimental and computational methods can be used to observe and explain the
interaction of macromolecules with minerals. To quantify the macromolecules in solution, useful
methods include chromatographic or spectrophotometric techniques as well as spectroscopic
methods. In this study, suitable spectrophotometric techniques were identified for biopolymer
guantification while spectroscopic techniques were used to identify and characterise the functional
groups present in the reacted samples. Mass spectrometry was also used for quantification of some
biomolecules while computational modelling was used to examine the interaction of biomolecules

with minerals at the atomic level.

1.6.1 Spectrophotometric Techniques

Spectrophotometric techniques are based on quantification of light absorption when
photons interact with matter (e.g. a sample). Light is electromagnetic radiation thus, it is described
by the means of energy (E), wavelength (A) and frequency (v). Photons carry electromagnetic

radiation and when they interact with matter, they transfer their energy according to equation (1).

E=—=hv equation (1)

where E is energy, h is Planck’s constant, ¢ is the velocity of light, A is wavelength and v is the
frequency.

Energy derived from electromagnetic radiation results in the theoretical construction of an
‘absorption spectrum’. This spectrum basically describes the transition between energy states that
an electron exhibits when such a transfer of energy occurs. The more atoms in a molecule, the
more complex the absorption spectrum will be due to the increased number of possible transitions.
The number of transitions depends on the molecular geometry. Different types of bonds for

example (i.e. single, double or triple) offer different kinds of transition states hence, different
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absorption spectra can be produced. Biological samples are usually observed at the UV/Vis region
of the electromagnetic spectrum due to the presence of ‘chromophores’ within the molecular
structures. These are specific groups that exhibit specific transitions relevant to the UV/Vis

region, such as melanin and carotene (Trumbo et al. 2013).

When it comes to the physical experiment related to these transition states, a light source
(usually a bulb relevant to the region of the electromagnetic spectrum needed, e.g. deuterium bulb
for UV) provides the photons which are directed on the sample. A monochromator is placed
between the sample and the bulb, to allow for wavelength selection. In colorimetry, coloured
filters that absorb all the wavelengths except the ones to be tested are used as monochromators.
An example would be a red filter which is transmitting red light and absorbs all other
wavelengths. The range of permitted wavelengths is known as the 'bandwidth' of the filter. In
spectrophotometry, the wavelengths are selected by a prism, which splits the incoming light by
refraction, acting as the monochromator. When the light (i.e. photons) of the selected wavelength
hits the sample, energy changes occur. The photons transfer their energy to the sample's electrons
causing changes in the transitions states of the electrons and hence, an absorption spectrum is
produced. The absorbed light at the given wavelength is calculated by measuring the transmitted
beams of light after those are collected by a beam collector and detected (measured) by a detector

sited at the end of the process line (Trumbo et al. 2013).

The probability of a photon being absorbed by the tested compound is known as the
‘absorption coefficient’ (or ‘extinction coefficient’), . The light of intensity |, travels through the
tested compound which is usually put in a sample holder (possibly a cuvette) of path length, d. As
the light travels, its intensity decreases exponentially. Thus, a relationship can be extracted
between the initial intensity, the path length and the decreasing intensity by naming a constant a
where I1=1,e Also, the ratio /I, is known as the transmission, T. Biological and chemical
samples are usually characterised by a molar concentration, ¢ which is related to the exponential

equation by the Beer-Lambert Law where:
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Log%: LogIT":s-c-d:A equation (2)

where d=cm, c= mol L, &= L molcm™and A is the sample absorbance as that has been measured by

the detector on the spectrophotometer.

Several complexation methods have been employed in order to allow for quantification of
biological samples that do not contain chromophores. A series of reagents including anthrone
(Somani et al., 1987), phenol (Liu et al.1973) and p-phenylenediamine (Bailey and Rankin, 1971)
produce complexes with biological samples based on hydrocarbons that absorb in the visible
region of the electromagnetic spectrum. Metal-catalysed interactions have also been used to
enable researchers to evaluate bacterial samples through spectrophotometric and colorimetric

techniques (Trumbo et al.2013).

1.6.2 Spectroscopic techniques-FTIR

Similarly to spectrophotometric techniques, Fourier Transform Infrared (FTIR) relies on
the absorption of radiation by a molecule in order to produce a spectrum of peaks that describes its
basic vibrational characteristics. As the name suggests, the technique is based on absorption of
Infrared radiation. The main difference of FTIR and spectrophotometric techniques is that FTIR
uses a beam that contains many light frequencies instead of a single frequency (which is selected
via the monochromator in spectrophotometric methods). Hence, the absorption of light at each
frequency is measured and then transformed into absorption at each wavelength. The wavelength
is recorded as absorption per wavenumber and a spectrum is created either for absorption per
wavenumber or transmission percentages per wavenumber. Similarly to spectrophotometric
techniques, the absorption of light directly affects the energy states of the electrons and thus, it can
be related to the vibration of bonds within a molecule. Hence, FTIR can be used to identify all the

functional groups present in the sample via their vibrational modes (Yuji and Sparks, 2001).
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In terms of instrumentation, FTIR is equipped with a light source and an ‘interferometer .
The latter consists of a beam-splitter which divides the incoming light into two separate beams.
The first beam is directed to a fixed mirror (and thus, reflects back to the beam-splitter) and the
second beam is directed to a moving mirror (and thus, has a different path length compared to that
directed on the fixed mirror). The two eventually recombine at their origin and an interferogram is
created by the difference in path lengths between the two separate beams. The recombined beam is
then directed to the sample which absorbs specific wavelengths depending on its functional
groups. The wavelengths absorbed by the sample's functional groups are then subtracted from the
interferogram and a detector at the end of the process line collects information on the changes in
energy for all wavelengths in relation to time. Fourier transform is then used to convert the
recorded energy changes (thus, intensity) versus time to intensity versus frequency. The resulting
spectrum is then used to identify peaks directly related to the functional groups present in the

sample (Smith, 1995).

The attenuated total reflection (ATR) tool is a sampling equipment item that can be used
in combination with FTIR instrumentation in order to examine solids and liquids without any
sample preparation. ATR relies on a crystal, used as the sample holder, that reflects the incoming
light from the source, creating an evanescent wave. The wave is extended into the sample and the

light is collected by the detector as it exits the crystal (Yuji and Sparks, 2001).

1.6.3 Computational Methods

Modelling studies of water-solvated biomolecules near an inorganic interface can be used
to elucidate the basic characteristics of the system providing necessary information that is not
easily accessible with traditional experimental techniques. Two such examples are the exploration
of highly radioactive materials that are very difficult to handle experimentally (Boyarchenkov et
al. 2012) and the exploration of costly biomolecules that are not easily extracted from their origin

(Cornell et al. 1995). Computational modelling can therefore be used as a tool to explore chemical
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and biological interactions, providing information on the associated energies, the configurations
each component in a reaction takes as well as the physical properties of the reactants or the
products such as distances between atoms, vibration and rotation of bonds, geometry and others

(Allen, 2004).

Studies involving computational modelling can be carried out on different time and size
scales, from individual atoms to large molecules, nanoseconds to hours (Allen, 2004). Studies at
the atomic scale include quantum mechanics and range from Angstroms to nanometre length
scales, followed by mesoscale studies that range from nanometre to micron length scales. Bigger
length scales are referred to as the 'macroscale level', with length scales ranging from millimetres
to metres and kilometres and usually use the continuum mechanics of classical physics. The
adsorption of biomolecules onto different surfaces is often explored in the atomistic to mesoscale
range with quantum mechanics and molecular mechanics studies involving several possible
techniques including atomistic simulations and coarse grained models as shown in figure 1.7
(Allen, 2004). Examples of such biomolecule-to-surface adsorption processes are discussed in
Chapter 5. The following sub-sections include the basic theory and methodology used for
molecular dynamics simulations adapted from Leach and Frenkel and Smit (Leach, 2001; Frenkel

and Smit, 2002).

Beyond
particles

Time scale

Coarse
Grained
Models

Atomistic

oM

Figure 1.7 The different levels of microscale/mesoscale
computational modelling from nm to mm length scales. The

horizontal axis corresponds to time.
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1.6.3.1 Molecular Dynamics

A widely known tool of computational modelling used for exploration of interactions at the
atomic level is Molecular Dynamics (MD). MD is a computer simulation of a system that
examines the arrangement of atoms and molecules in space, when those are allowed to interact for
a given period of time. The trajectories of atoms and molecules are determined using Newton's
equation of motion which relates the force (F) exerted on an atom/particle, its mass (m) and its

acceleration (a) as shown in equation (3).
F=ma equation (3)

Knowing the force exerted on each atom at a given time (and therefore all the
accelerations) yields the trajectory of each particle or atom examined within the system. Given the
positions and velocities of the atoms at any given time, they can be calculated at a later time. The
forces are given by equation (4) which relates them to the potential energy U (r;.... r,) of the

system.

oU(1r1,7y,..Tj...T dv
G azri T g = m— equation (&)

Fi:

Note that the potential energy is a function of all the coordinates so it will change (and
therefore the forces will change) as the system evolves. The trajectory must be calculated
numerically, the forces are used to calculate the accelerations, the accelerations are in turn used to
calculate new atomic positions and velocities and the new positions to calculate new forces and so
on. We therefore first need to consider how to calculate the potential energy and then how to

perform the calculation of the trajectory.

1.6.3.1.1 Force Field and Potentials

In MD, the potential energy of a system is usually calculated with the help of ‘force fields'.

These are sets of parameters and inter-atomic potential functions (equations) that include bonding
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(intramolecular) and non-bonding (intermolecular) terms describing the interactions within a
system. The bonded terms refer to covalent bonds and are related to the geometry of the bonds
between the atoms of a molecule (bond stretching, bending, proper dihedrals, improper dihedrals)
while the non-bonded terms refer to the long range electrostatic (Coulomb) and van der Waals
forces, hydrogen bonding and m-n interactions which are independent of the bond geometry, as

shown in equations (5), (6) and (7).

Utotai=Ubonded™ Unon-bonded equation 5)
where Unonded=Ubond+UangletUdineral equation (6)
U non-bonded=Uelectrostatict Uvaw Uother equation (7)

Some characteristic interatomic potentials often used for the description of these terms are
(a) the harmonic potential that describes bond stretching or the Morse potential that describes
bonded interactions where the bond can break, (equation (8), figure 1.8) (b) the Lennard-Jones
potential for the non-bonded van der Waals term shown in equation (9) and figure 1.9, (c)
Coulomb's law for the electrostatic interactions as shown in figure 1.10 and (d) various models of
water molecules describing different characteristics of the molecule according to the system it is

being introduced in, as shown in table 1.1 and figure 1.11.

Up (r) = D [e(2a0—70) — p¢(-alr=12))) equation (8)
Vi
re
: 1 r
: D.
—D, |-----~ : __________________________ { -
oo T

Figure 1.8.The Morse potential. D, is the depth, r. is the equilibrium bond
distance and a is a parameter that controls the width of the weel (Bartha et al.
2003).
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Uy = 4e [(%)12 - (%)6] =¢ [(%’")12 -2 (%)6] equation (9)
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Figure 1.9.The Lennard -Jones potential. £ is the depth, r is the distance between the
particles, ¢ is the distance at which the potential is zero, WCA is the Weeks Chandler
Andersen (a forcefield that is cut off at the minimum and shifted up so that the minimum is
on the distance (X) axis), ry, is the distance at minimum potential and r is the potential cut-
off distance (Schravendijk, 2007; Allen, 2004).
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Figure 1.10. The Coulomb potential compared to van der
Waals (Fujiwara and Fukukawa, 2012).
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Figure 1.11. Hydrogen Bonding (left) and different water molecule models (right-Chaplin, 2016). In
MD Hydrogen bonds are usually measured in terms of the distance between two oxygen atoms (from
separate water molecules as shown in left image) rather than the distance between a hydrogen and an
oxygen atom (from separate water molecules).
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The reason for the existence of several models of water is mainly the lack of a 'perfect’
model that can be used in all systems (Chaplin, 2016). A recent review on water simulations listed
46 different models of the molecule (Chaplin, 2016). What this really suggests is that the existing
models cannot yet reproduce the properties of real water but do however give an insight into its
behavior. Some of the most widely used models are shown in table 1.1 where 1y, I, 03, 02, © and ¢
are shown in figure 1.11 on the individual water molecules and o & ¢ are Lennard-Jones
parameters as shown in figure 1.9 (separation and depth of the potential energy minimum as shown
on graph - equivalent to the diameter in the case of water, shown in figure 1.11). It should be noted
that the different models, not only differ in simulation parameters, but also have different abilities

to predict different physical properties of water (not shown here).

Table 1.1. Water molecule model and parameters (Adapted from Chaplin, 2016).

Model o e Iy , QO Q. 0 ¢ MT’"ede;”fgy
TIP3P 3151 0636 09572 - 0417 -0.8340 10452 - 91
TIP4P 3153 0648 09572 015 0520 -1.0400 10452 52.26 25
TIPSP 3120 0669 09572 070 0241 -02410 10452 109.47 +4

1.6.3.1.2 Types of Force Fields

Depending on the system to be examined, different force fields can be used. There are
three types of force fields: all atom, united atom and coarse grained force fields. As the names
suggest, the ‘all atom' force field includes parameters for every single atom in the system, 'united
atoms' includes parameters for all atoms except non-polar hydrogens and coarse grained includes a
representation of molecules after grouping several atoms and creating a less-detailed system as

shown in figure 1.12.
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Figure 1.12. Example of a coarse grained molecule

The type of force field is not only related to the grouping of atoms involved but also the
type of interactions to be simulated. A special family of codes for MD includes AMBER and
CHARMM which are used for simulation studies of large molecules such as bio-components (e.g.
proteins and lipids) that are often hard to observe with the detail that simulation can provide.
Cornell et al. described the AMBER forcefield in 1995 defining the energy of the system using the

sum of all the bonding terms involved as shown in equation (10) (Cornell et al., 1995).
2 2 ,
Utotar = Z K. (r — req) + Z Ky (9 — Geq) + Z (7) [1+ cos(ne —y)]

Aujy Bap | @)(a))
+ RZ. RS T eR..
(i) (i) @

equation (10)

The first term of the equation represents the energy needed to stretch (or compress) the
bond from its equilibrium length for all covalently bonded atoms in the system while the second
term represents the energy resulting from the angles between the bonds. The third term of the
equation represents the energy due to torsions (twisting of bonds) which varies depending on the
type of the bond (single, double or triple) and the final term represents the non-bonded energy

between atom pairs which was described in previous sub-sections (1.6.3.1.1.).
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1.6.3.1.3 Calculating the trajectory in Molecular Dynamics

In most MD simulations the potential energy of the system is calculated at each time step
according to the force field and integration takes place to calculate the trajectory (and hence the
force, position, velocity and acceleration for each atom) as shown previously. For the integration
step, several algorithms can be used, with the Verlet algorithm (integrator) being commonly
chosen. The Verlet algorithm is a finite difference method obtained from two Taylor expansions

about a time t.
r(t+ At) = r(t) + v(t)At + (1/2)a(t)At? + (1/6)b() At + 0(4t%) equation (11)
r(t — At) = r(t) — v(t)At + (1/2)a(t)At? — (1/6)b(t) At + 0(4t%) equation (12)

Equation (11) describes the position r (¢ +4¢) at time ¢ +4¢ with respect to the position r(t)
at time t. Equation (12) describes the position r (t -At)at time t - A¢ with respect to the position r(t)
at time t. O(41*) is the error associated with the truncation of the Taylor expansion. Adding the two
equations together results in equation (13) which is the basic form of the Verlet algorithm. This can
directly lead to the force as a function of position while the acceleration at time t can be calculated

by dividing the force by the mass and hence results in equation (14).
r(t + At) = 2r(t) —r(t — At) + a(t)At? + 0(At?) equation (13)
a(t) = —(1/m)vu(r(®)) equation (14)

The velocities of the particles, if necessary, can be determined from the difference in
positions at times ¢ +A4¢t and t -4t divided by twice the time step (v(t) = (r(t + At) —
r(t — At))/2 At) but a main problem with the Verlet algorithm is that velocities are not generated
directly from the integrations and even if they are not always necessary, they might be required on
several occasions, especially if knowledge of the kinetic energy of a system is needed. To avoid
this, several versions of the Verlet algorithm have been developed including the leap-frog

algorithm and the Velocity Verlet algorithm which is a better implementation of the basic Verlet
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scheme that includes velocities with the main algorithm (equations (15) -(18)) and so gives

velocities.

r(t + At) = r(t) + v(t) At + (1/2)a(t)At? equation (15)
v(t + At/2) = v(t) + (1/2)a(t) At equation  (16)
a(t + At) = —(1/m)VU(r(t + A¢)) equation  (17)
v(t+4t) =v(t+ A4t/2) + (1/2)a(t + At)At equation (18)

The leap-frog algorithm involves calculations of velocities at time ¢ + 7 At and therefore
positions at ¢ + A¢ and the velocities at time t are the average of velocities at t+ % At and t- % At

(not shown here).

1.6.3.1.4 Periodic Boundaries

When running MD simulations, each collection of atoms is being held within the
boundaries of an imaginary box. A number of atoms are in contact with the boundaries of the
system (or the box), which suggests that these atoms will exhibit different forces than the bulk
material and hence, only a few of the tested atoms will actually behave as the bulk material (Leach,
2001). In order to observe the whole system as the bulk material, periodic boundary conditions are
introduced where copies of the system are placed around the original system (Allen, 2004) as
shown in figure 1.13. This suggests that interactions are not only calculated for atoms in the centre
of the box (known as the unit cell) but also for atoms in the surrounding boxes. Such systems
would be far too great to calculate and hence a cut-off range is usually introduced. This results in
fewer calculations that only include the atoms within the set cut-off range but at the same time,

interaction calculations are done for the bulk material.
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Figure 1.13. Periodic boundary conditions used to replicate the system — as a particle
moves out of the central/simulation box, a ‘mirror’ particle moves in to replace it. The red

circle represents the cut-off range (Leach, 2001).

1.6.3.1.5 Ensembles and Ensemble Averages

Depending on the system of interest and the actual simulation, macroscopic terms such as
pressure and temperature can be retrieved from the available information at the microscopic level
(positions, velocities etc.) If the coordinates of the particles q" and their momenta p" of the
particles within a microstate are known, the Hamiltonian, H, of the system can be defined. This
corresponds to the overall sum of the kinetic and potential contributions resulting from the
interactions between the particles. The averages of the microstate quantities are known as the
ensemble average, f (q", p"; t) and it is a probability distribution of the state of the system (or else,

the possible microstates of the system) at time t as shown in equation (19).

/ / f@,pY;t)dgVapN =1

equation (19)

The ensemble consists of virtual copies of the system of interest, each of which represents
a possible state of the real system and it relates the total energy of each micro-state with the
different macroscopic terms as shown in figure 1.14. The three most known ensembles are the

micro-canonical, the canonical and the isothermal-isobaric ensembles. The micro-canonical
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ensemble assumes a constant number of molecules (N), constant volume (V) and constant energy
(E). The usage of this ensemble is quite rare due to the constant energy that is required. The
density function of the ensemble f (", p") is defined by equation (20) where H (q", p") is the
Hamiltonian of the system, W (N, V, E) is the sum of all accessible states and hence, equation (21)

can be extracted (Leach, 2001).

S[(H{(g",p") — E)]

g™ p") = =
W(N.V, E) equation  (20)

WiN.V.E) = [[ r&ff ':'r]l"'.. p"'.] - E:[.!I[]I'\. ”'P"". equation (21)

A canonical ensemble represents the mechanical system where temperature (T), number of
particles (N) in the system and the system’s volume (V) are fixed (constant) and is also known as
the ‘“NVT’ ensemble. This is one of the most commonly used ensembles due to the close correlation
with experimental systems and at the same time, low computational costs. The probability density
of the canonical ensemble is shown in equation (22) where g is the inverse product of the

Boltzmann factor kg. Equation (23) can therefore be extracted.

1

= ————exp (- H(¢", p"))
v P CAE )

N N
flg™.p) equation (22)

W(N,V,T) = / / exp (—BH(g™, p™))dp™dg™ equation  (23)

An isothermal-isobaric ensemble refers to the systems where temperature, pressure (P) and
number of particles are constant. The probability density of this ensemble is shown in equations
(24) and (25).

1

= _exp(=BH(N M)+ PV eguation 24
T T P BlH(g".p") + PV]) q (24)

fgv, o) =

-
W(N,P,T) = / exp (—APVIW(N,V, T)dV
W)

equation (25)
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The last two ensembles assume the system exchanges energy with the surroundings

(usually a heatbath) so the total energy of each microstate differs (figure 1.14).

Canonical ensemble Isothermal-isobaric ensemble
<9 ‘/. o a® ‘/,0 e
NV.T & r NETS & p. 2
° *a r ° *a L\
“ ¥ $ 2% KNS N
AE ‘/. AE . i

Figure 1.14. The canonical and isothermal ensembles

In order to comply with the ensemble conditions and make sure temperature (or pressure
depending on the ensemble) is always constant, a thermostat and a barostat have to be introduced
to the simulation parameters. There is a range of available thermostats and barostats that can be
used, including the Nose-Hoover thermostat, the Langevin thermostat, the MTK barostat or the
Berendsen thermostat. The Berendsen thermostat is known for its inaccuracy to generate correct
canonical ensembles for small systems but it is quite efficient for systems that include large
amounts of molecules/particles (Frenkel and Smit, 2002). According to the thermostat, the
temperature of the system is corrected so that the temperature difference exponentially decays with
time constant T (shown in equation (26) where T, is the temperature the system should be
maintained constant at).

dT To—T
dt T

equation (26)

1.6.3.1.6 Practical Aspects of a Molecular Dynamics Simulation

In order to run a molecular dynamics simulation one should (a) Input the initial conditions
(positions of all atoms and system variables including temperature, time steps cut-off etc.), (b)

Compute Forces (calculate molecular interactions and external forces), (c) Update configuration
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(solve Newton’s equation of motion and simulate the movement of atoms, (d) Compute the scaling
factors, () Update the positions and (f) Check results (updated positions, energies etc.) as shown

in figure 1.15.

it Initia
onditions

Compute Update
Forces Configuration

Update Compute
Positions and Scaling
Check Results Factors

Figure 1.15. Flow Chart of a molecular dynamics simulation

In this study, the above steps are done using DL_POLY, a general purpose molecular
dynamics simulation software which was developed by I. T Todorov and W. Smith at Daresbury
Laboratory, UK (Smith et al., 2010). In order to perform a MD simulation, 3 main input files are
needed: the CONFIG file which consists of all the starting positions of the atoms, the FIELD file
which contains all the force field parameters (the molecular interactions and potentials) and the
CONTROL file that contains all the system parameters such as pressure, temperature, thermostat,

ensemble, time steps and others.

The above experimental and computational techniques have been used to explore the type
(e.g. physisorption, chemisorptions etc.)and strength of interaction (i.e. AG values, binding

energy etc.) between nuclear-related materials and specific bacterial cell-wall components. The
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chosen biomolecules were lipopolysaccharides (LPS), mycolic acids (MCA) and peptidoglycans
(PGN) all found within the bacterial cell wall of Gram negative or Gram positive bacteria. Zeta
potential analysis, adsorption experiments, spectrophotometric techniques and ATR-FTIR were
the experimental techniques used to explore the interaction of the individual minerals (ceria,
urania, thoria and europium oxide) with the three molecules (one at a time) while Molecular
Dynamics simulations were performed to examine the interaction of ceria with MCA at the
atomic level. The combination of these experimental and computational methods provided the
confidence that the results presented here can be used as evidences to explain the observed
localisation of minerals within the bacterial cell walls and could therefore be used to enable a

more efficient bioremediation of nuclear waste.
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Chapter 2

Lipopolysaccharide
Interactions with Nuclear
Related Minerals
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2.1 Introduction

The findings of sorption of lipopolysaccharide (LPS) to nuclear related materials are
presented in Chapter 2. LPS was previously found to play a role in bacterial interactions with
surfaces. More specifically, minerals synthesised during biomineralisation were found to stay

located close to LPS strains (Lloyd et al., 2002; Burgos et al., 2008).

LPS is a component of the outer membrane of Gram negative bacteria. Since it is not found
in Gram positive bacteria, LPS is an ideal candidate for the identification of any differences in the

adsorption mechanisms used by Gram negative and Gram positive bacteria.

LPS is located in the outer layer of the membrane of Gram negative bacteria and is
exposed on the cell surface, in long fibrous-like strains. More than 90% of the cell surface is
covered with LPS molecules, which suggests that LPS is possibly the first bacterial component that
comes into contact with external molecules and therefore, the first component that interacts with

the surfaces of interest, the nuclear minerals (Rosenfeld and Shai, 2006).
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Figure 2.1.General structure for bacterial LPS. (Clifton et al. 2013)

The basic structure of LPS consists of 3 major groups: a lipid section, a hydrophilic
polysaccharide chain and a hydrophilic O-antigenic oligosaccharide chain. LPS from different
families and usually from different strains within the same family have small differences which
explain the variation of the molecular mass that ranges from 100 to 500kDa (Clifton et al., 2013;

Jucker et al. 1998; Marchetti et al., 2013).

The lipid A core consists of a p-glucosamine-(1,2,3,4,5,6)-glucosamine-1-phosphate base
with fatty acid esters attached to both carbohydrate ends, connecting it to the rest of the cell wall.
The inner polysaccharide core contains between 1 to 4 molecules of 3-deoxy-a-D-manno-

octulosonic acid (KDO), depending on the bacterial species. KDO is specifically associated with
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LPS and its quantification. A few assays have already been reported identifying the terminal
vicinal glycol group present in the KDO component of LPS as the key component for
spectrophotometric techniques (Karkhanis et al., 1978; Osborn et al., 1972).The inner core also
consists of a heptulose monosaccharide, typically L-glycero-a-D-manno-heptopyranose. The inner
core glycan residues are usually found to be phosphorylated which is one of the reasons why LPS
has an overall negative charge. This helps stabilize the overall structure and plays a key role in the

interaction of bacterial cells with external molecules and especially ions.

The outer core of LPS contains a combination of hexoses, including galactose, glucose and
N-acetylglucosamine, the frequency in appearance of which depends mainly on the bacterial

species and the strains examined (Clifton et al., 2013; Jucker et al. 1998; Marchetti et al., 2013).

The O-antigen region of the LPS macromolecule usually consists of repeated units of two
to six sugars. The O-antigen is the main region tested for differentiation between different families
of bacteria as there are some distinctive O-antigen structures associated with individual groups
including Escherichia coli, Salmonella enterica, Vibrio cholerae and many more (Strauss et al,
2009). It is usually the most reactive site of the molecule, especially in adhesion as it is the only
exposed region and controls the interaction with approaching molecules, including surfaces

(Strauss et al, 2009).

An overall negative charge exhibited by the molecule at varying pH conditions (pH>3) is
associated with moieties present in all the different regions of the molecule such as phosphate

groups (Rosenfeld and Shai, 2006).

2.1.1 Functions of LPS

It is believed that the main role of LPS is to protect bacteria from external threats. For
example, lipophilic antibiotics are not efficient when used against LPS-containing bacteria because

the biomolecule can detect and destroy them (Aurell and Wistrom, 1998).
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Research has been carried out to explore the LPS structure fully, its association with
bacterial metabolism, its relation to possible toxicity of different bacterial species and its
biosynthesis. Because of its connection to different diseases, LPS has been studied to identify
possible inhibitors to LPS biosynthesis (Rietschel et al., 1994). Therefore, a number of assays have
been developed for LPS quantification, one of which relies on UV absorbance by purple ‘adducts’,
products of LPS oxidation. This is known as the Purpald assay and was first described by Lee and
Tsai in 1999 (Lee and Tai, 1999). The assay is based on the oxidation of the terminal vicinal glycol
groups found in the KDO regions of LPS molecules by periodate which results in the production of
formaldehyde (figure 2.2). Formaldehyde is then reacted with the Purpald reagent and the purple
Purpald adduct created is finally quantified by measuring its absorption at 550nm. The Purpald
assay has been used for the detection of different types of LPS as each bacterial strain of LPS

consists of different numbers of terminal vicinal glycols (Lee and Tsai, 1999).
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Figure 2.2. Reaction mechanism of the Purpald Assay (Adapted from Lee and Tsai, 1999)

2.1.1.1 Interactions of LPS with surfaces

In a system where LPS is approaching a surface, a series of different interactions are
possible depending on the different conformations of the molecule, which are directly related to the
pH conditions, as well as the ions in solution. Adhesion processes have been observed when free

and bound-LPS was left to interact with different surfaces (Lu et al., 2011). In the case of bound-
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LPS, these processes are driven by functional groups present at the O-antigen region of the
molecule. So far, no results regarding the chemical composition of the O-antigen region
responsible for adhesion processes have been obtained. However, interactions of sugars are
generally mediated by hydrogen bonds (Strauss et al., 2009). Therefore, hydrogen bonds could be
possible candidates for a controlled system where only bound-LPS is included in the interaction

and only the O-antigen region is exposed for interaction.

In addition, tests on isolated O-antigens for adhesion on SiO, and Al,Os resulted in high
dependence of the process on hydrogen bonding (Jucker et al., 1997). Another study on adhesion
forces of O-antigens from different strains approaching SiO, resulted in significant variations of
the measured adhesion forces. This was attributed to the different chemical compositions of the O-
antigens even though no information was available on the exact chemical bonding of the
mentioned systems (Strauss et al., 2008). An additional study on LPS adhesion onto different
surfaces showed that electrostatic interaction and steric effects were the major contributors to the
interaction while the presence of long O-antigen chains was associated with reduced bacterial
adhesion. This again is a case of bound-LPS where an energetic barrier to the process was
suggested and a hypothesis proposed by the authors is that the affinity of hydrophilic neutral O-
antigen chains to water is responsible for the observed reduction in bacterial adhesion to minerals.
These studies suggest that several different scenarios can arise depending on (a) the length of the
LPS chain (and specifically the length of the O-antigen region when bound-LPS is of concern), (b)
the chemical composition of the LPS and (c) the experimental conditions such as water quantity

and pH (Lu et al., 2011).
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2.1.2 Objectives

The aim of this work was to examine the interaction of LPS with nuclear related materials
at varying pH conditions and in the presence of different counter ions in order to examine whether
a universal rule can be drawn for the adhesion of LPS onto minerals. The mineral chosen for this
part of the project were: (a) ceria, (b) europium oxide, (c) thoria, and (d) urania. The sorption of

LPS onto the minerals was examined using experimental techniques solely.
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2.2 Materials and Methods
2.2.1 Chemicals

All chemicals were purchased from Sigma-Aldrich (UK) and were of analytical grade
unless stated otherwise. Double distilled water was used for all the experiments. The experiments
were conducted at least in triplicate and the values reported here are average values of at least 3

results. Variation in these results is given as standard deviation and standard error values.

2.2.2 Macromolecules

Lipopolysaccharides (from Escherichia coli0111: B4), purified by gel-filtration

chromatography were purchased from Sigma-Aldrich and used as received. Stock solutions of LPS
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dissolved in water, NaCl or CaCl, were prepared before any analysis. These were prepared above
the critical micelle concentration (CMC) of the E. Coli LPS strain 0111: B4 which is 0.022 mgml™
of water (Aurell and Wistrom, 1998) and the pH was adjusted to 3, 7 or 10 with 0.01M HCI or
0.01M NaOH. All stock solutions were vortexed, sonicated for 10 min, and stored overnight at 4

°C before re-equilibration the following day at room temperature.

2.2.2.1 Molecular Weight Determination of LPS

The molecular weight of each LPS batch purchased was analysed by Gel Permeation
Chromatography (GPC). A Hewlett-Packard 1090A GPC was used with pure water as the eluent
and a series of polyethylene oxide (PEO) and polyethylene glycol (PEG) standards with molecular
weights ranging from 106 to 1552000 to calibrate the GPC columns. 1-2 mg of LPS were diluted
in pure water and filtered through a 0.45 pum polytetrafluoroethylene (PTFE) syringe filter before

injection. The results were analysed with the Agilent GPC/SEC Software.

2.2.3 Minerals

Four different minerals were used in this study: thoria ThO,, urania UO,, europium oxide
Eu,O; and ceria CeO,. Eu,03 ThO, and CeO, were purchased from Sigma-Aldrich (UK) and UO,
was prepared by hydrogen induced reduction of studtite (details in sub-section 2.2.3.1). X-ray
Diffraction (XRD) analysis was carried out for characterisation of the materials which were

compared to known PDF cards from the literature.
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2.2.3.1 Synthesis of UO,

Synthetic UO, was prepared by reduction of studtite at 400° Celsius for 4 hours in an in-
house made stainless steel reactor in the presence of hydrogen gas. The reactor design and build is
covered in the next section. Studtite was precipitated after several steps of treatment of uranyl
nitrate. The uranyl nitrate was heated for 3 days at 275 °C and the resulting UO; was then dissolved
in 0.5 M HCI (trace meta grade, Fisher Scientific). Aliquots of 88mM H,0O, were then added to
2.5mM UO,CI, and after a three-day reaction a yellow precipitate settled out (UO,0,*4H,0(s)).
The solid was dialysed against double distilled, oxygen-free water, dried and finally reduced in a
stainless steel reactor at 400° Celsius in the presence of pure hydrogen gas (zero grade, BOC UK).
The product was tested with X-ray Diffraction and the resulting pattern was compared to reference

PDF cards. The chemical equations are given in equations (2.1)-(2.4).

UO,(NO3), *6H,0 — 3 days at 275 °C — UOs (s) + 2HNO; + 3H,0 equation  (2.1)
UOs(s) + 2HCI — UO,Cl, + H,0O equation (2.2)
UO,Cl, + H,0, +4H,0 — UO,0,* 4H,0 (s) + 2HCI equation (2.3)
UO,0,* 4H,0 + 2H,(g) — UO,(s) + 6H,0 equation  (2.4)

2.2.3.1.1 Stainless Steel Reactor Design

An in-house built reactor was required to complete the urania synthesis. The main body of the
reactor consists of a block of stainless steel with a void chamber on the inside where the solid is
placed. The centre of this unit is connected with cartridge heaters that provide heat and an
electronic device that controls the temperature. The two end-sides of the stainless steel hold an

inlet and an outlet pipe for hydrogen gas circulation (figure 2.3).
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penetrate into the void,
but just heat up the void
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Figure 2.3. The stainless steel reactor used for UO, synthesis. It consists of a block cylinder 10 cm x 8
cm (length: diameter).[a] Inside there is a void chamber of cylindrical shape (6 cm x 2 cm; length:
diameter) while the two sides hold an inlet and an outlet pipe for the H, gas.[g] Ceramic filters are
placed at both ends of the void chamber to ensure no loss of powder during the reaction.[c] The main
body of the reactor consists of 3 pieces, screwed together after filling in the void with the reactants.[d]
There is a hole for a temperature probe that does not penetrate the void chamber and 2 more for the
cartridge heaters facing each other. [e] The whole block is wrapped with insulating material and an
electronic device controlling the temperature is connected. [g+h] The inlet of the H, gas is connected to

a gas cylinder with an appropriate gas regulator and a flow meter. [i] (Dr K. Ulrich 2012 pers. comm.)
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2.2.3.1.2 X-ray Diffraction Analysis

The product of the UO,(NOs), reduction was tested and compared against the UO,
template (PDF card) from the International Centre of Diffraction Data (ICDD). The analysis was
run on the fully automated X'Pert® Powder by PANalytical on reflection mode for 15 minutes.

Details on the instrumental parameters can be found in appendix 1.
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Figure 2.4. Example of a UO, PDF card by ICDD

2.2.3.1.3 Experimental conditions

The measured diffusion of oxygen in UO, (Chen et al.,, 2010; Fayek et al., 2012;
Skomurski et al., 2007), the proposed dissolution of uranium ores under oxic conditions (Gomez et
al, 2006) along with the high solubility rates of urania directly related to the acidity of the
environment (Merroun and Selenska-Pobell, 2008; Boyanov et al., 2011)suggested that anaerobic
conditions for all experiments involving UO, were needed. In order to achieve the minimum
oxygen interference with UO, a COY anaerobic chamber was used and the oxygen/hydrogen
content was monitored with an oxygen analyser. All chemicals and solvents used for the
interactions between UO, and macromolecules were first treated with nitrogen gas and were held
under vacuum to remove all dissolved gases including oxygen. The oxygen content of the

anaerobic chamber was 0 ppm at all times while the hydrogen content ranged from 2 to 4 %.
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2.2.3.2 Ceria, Europium oxide, Thoria

The rest of the mineral surfaces, thoria, europium oxide and ceria were used as purchased
from Sigma-Aldrich. All three minerals were analysed using the X'Pert® Powder by PANalytical on
reflection mode for 15 minutes to compare with existing templates (PDF cards) available from the

International Centre of Diffraction Data.

2.2.4 Adsorption Experiments

An experiment was designed to examine the adsorption of LPS on different minerals
(thoria, urania, europium oxide and ceria) at different pH conditions and different electrolytes
(ionic strength) including CaCl,, NaCl and H,O. Sample portions of 3 + 0.5mg of minerals were
weighted and transferred into 2.5ml Eppendorf tubes. To the samples, 250 pL of 0.01M NaCl
solution, 0.01M CacCl, solution or pure H,O were added and the pH was adjusted to 3, 7 or 10 with
0.01M NaOH or 0.01M HCI. The contents of the tubes were mixed and left stirring for 24 hours at
22 °C to equilibrate. The pH was tested again and adjusted accordingly and 50uL of the stock
macromolecule solution was then added to the equilibrated tubes. The tubes were mixed and then
centrifuged at 5000g for 10 minutes. Samples were taken at specific times (10 min, 30 min, 1h, 2h,
24h) for identification of the Kkinetics of the interaction (constant concentration, temperature,

pressure and pH, changing times).

A second experiment examined the adsorption capacity at varying LPS concentrations for
the construction of experimental isotherms (set time 200 min, pressure, temperature and pH,
changing concentration of macromolecule). The stock solutions of LPS used for the isotherms
were 1 mg ml™, 2 mg ml™, 3 mg mI™, 4 mg ml™ and 0.5 mg mlI™* (always higher than the ‘critical
micelle concentration' (CMC) which is 0.022 mg ml™* LPS in water (Aurell and Wistrom, 1998)).

The amount of macromolecule adsorbed was calculated by equation (2.5).
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equation (2.5)

where Q = amount of LPS adsorbed on mineral (mg g), C.= initial concentration of LPS in solution
(mg L), C.= final concentration of LPS in solution (mg L), m=mass of mineral used (g) and V=

volume (L).

2.2.4.1 I1sotherm Models

In order to describe the isotherms, the Langmuir and the Freundlich models were used.
The Langmuir model is based on the assumptions that: (a) a fixed number of adsorption sites (or
'vacant' sites) is available on the surface of the mineral, (b) all the vacant sites are of equal size (c)
each site can hold maximum of one molecule of the adsorbent and (d) adsorption is a monolayer.
These assumptions are ideal for the description of gas adsorption onto solid surfaces. In systems of
liquid to solid adsorption, the use of such a model becomes challenging due to hydration forces and
mass transport, effects that result in a more complicated situation. The Freundlich isotherm is
empirical and while the Langmuir model works on the basis that only a monolayer of the
approaching molecule will end up on the surface, the Freundlich isotherm does not have this
'restriction’ and is preferred when 'stacking' of adsorbed molecules onto the surface is observed or
when sorption occurs to sites of different characteristics. Table 2.1 shows the equations as derived

from the models.
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Table 2.1. Equilibrium Models

ID Equation (linear form) Y X Intercept = Slope
L . Ce 1 .+ 1 Ce c 1 1
angmuir —=—"0C, — —
’ @ QT K, Q © @K Q
. 1 1
Freundlich In(Q.) = In(K¢) + — In(C,) In(Qe) In(Cy) In(Kg) -
F F

Modified l (Qe

1
Freundlich n c_e) = In(Kmp) + <n—MF - 1) In(C,) ln(

Qe 1
C—) INC)  InKye ——1

Where C.=LPS concentration at equilibrium (mg L™), Q.=equilibrium adsorption capacity (mg g™),
K= Langmuir adsorption constant (L/mg), Qm=maximum adsorption capacity (mg g?), Ke=
Freundlich constant (L/g), ng = heterogeneity factor of adsorption sites, Kyrs=modified Freundlich

constant (L/g), n,e=modified heterogeneity factor of adsorption sites. Adapted from Bhatt et al., 2012.

2.2.4.2 Quantification of LPS using the Purpald Assay

The Purpald assay was used as described by Lee and Tsai (1999). Briefly, 50 uL of 32 mM
NalO, were interacted with 50 uL. of a sample containing LPS for 25 minutes. Addition of 50 puL
of 136 mM purpald reagent (in 2N NaOH) followed and the solution was incubated at 30 °C for 20
minutes. After the incubation, 50 uL of 64 mM NalO, was added and the solution was left to
interact for another 20 minutes. The absorbance was then measured and the expected peak at 550
nm was observed (Lee and Tsai, 1999). This method required the development of a calibration
curve with standard solutions of known LPS concentrations. That was constructed according to the
Beer-Lambert Law where absorbance (A) is directly related to the analyte concentration and is
equal to the absorptivity coefficient (g) multiplied by the analyte concentration (C) and the path

length (1) (equation (2.6)).

A=¢-C-1 equation (2.6)

The Purpald assay was performed in transparent 96-well plates (Fisher Scientific) and a
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Biotek Plate Reader. The data were analysed for absorbance using the Gen5 and Microsoft Excel
software. All reagents were made fresh daily and kept wrapped in foil because of their sensitivity

to sunlight.

2.2.5 Zeta Potential Analysis

Information on the surface charge of LPS and minerals was obtained by measuring the zeta
potential using a Zeta Potential Analyzer (ZetaPALS by Brookhaven Instruments Corporation).
The zeta potential was also measured to confirm the adsorption of macromolecules onto the
minerals. Suspensions of 0.25 mg L™ minerals in 0.01M CaCl,, 0.01M NaCl solution or H,0 and
at different pH conditions (3, 7 or 10 adjusted with 0.01M NaOH and 0.01M HCI) were prepared
and left to equilibrate for 24 hours before zeta potential measurements. Approximately 1 ml of the
cell suspension was transferred to a glass cuvette and the zeta potential was obtained from the
average of 10 measurements, presented at a 95% confidence level. The same procedure was
followed after the addition of 25uL of 1 mg ml™ LPS stock solutions at the corresponding pH

conditions and after 24 hours of equilibration.

2.2.6 Attenuated Total Reflection-Fourier Transform
Infrared Spectroscopy (ATR-FTIR)

The various functional groups of LPS were characterised using ATR-FTIR before and after
the interaction of the macromolecules with the mineral surfaces. Sample portions of 3 + 0.5mg of
minerals were transferred into 2.5 ml Eppendorf tubes. To the tubes, 250 puL of 0.01M NaCl
solution, 0.01M CacCl, solution or H,O were then added and the pH was adjusted to 3, 7 or 10 with
0.01M NaOH or 0.01M HCI. The contents of the tubes were mixed and left on the shaker for 24

hours at room temperature to equilibrate. The pH was then tested and adjusted and 50uL of 4 mg

Page | 60



ml™ macromolecule solution was added to the equilibrated suspensions. The tubes were left to
interact for a given time (chosen according to the sorption profiles obtained for each mineral) and
were centrifuged at 5000rpm for 10 minutes. The supernatant was discarded and the sample left
was freeze dried for 24 hours. ATR-FTIR spectra were collected from 400-4000 cm™, with a
resolution of 4 cm™. Background spectra of the different electrolytes, LPS stock and the mineral

surfaces with no macromolecules (controls) were also collected.

2.2.7 Electron Microscopy

Representative samples of the interactions of LPS with ceria and europium oxide were
analysed. The measurements were performed at the Centro de Instrumentacion Cientifica,
Universidad de Granada, Spain. Two representative samples were selected from the ceria-LPS and
europium oxide-LPS systems. The samples at pH 7 were considered the best samples to analyse

since most interactions in the natural environment will occur around neutral pH.

Samples were prepared for Transmission Electron Microscopy (TEM) as described
previously (Merroun et al., 2005). The samples were analysed using a Phillips CM 20 high-
resolution TEM. A High-Angle Annular Dark Field-Scanning Transmission Electron Microscope
(HAADF- STEM), equipped with an Energy-dispersive X-ray (EDX) analyser (200 kV
acceleration voltage) was also used for the examination of elemental maps of cerium and carbon
within LPS-treated ceria particles. Similarly, elemental maps of europium and carbon were

prepared for the europium oxide-LPS samples.
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2.3 Results and Discussion

2.3.1 Determination of LPS Molecular Weight

Each batch of LPS was analysed with GPC to determine the molecular weight of the
macromolecule. An example distribution plot with the associated molecular weight averages

obtained from the GPC analysis is given in figure 2.5.

The results were different from the ones reported by the provider (Sigma-Aldrich).
According to the manufacturer, the commercial bacterial LPSs are of molecular mass 10-20 kDa
which is much lower than what GPC characterisation results showed. The results indicated a
molecular weight of approximately 400 kDa which is an order of magnitude higher than expected.
For verification, the analysis was repeated using different solvents to test if there was an effect on
the weight determination. When phosphate buffered saline (PBS) was used, the resulting molecular

weight was even higher. That was attributed to the fact that LPS tends to form aggregates of
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varying sizes when cations are present which would have an immediate effect on the determination
of the molecular weight using GPC. GPC determinations rely on separation of molecular fractions
by size as the polymer molecules travel through the column, hence, the larger the fraction, the
higher the mass associated with it. Therefore, LPS aggregates formed due to intermolecular

binding of cations will produce higher molecular weights.

Molecular Weight Averages
Peak Mp (g/mol) Mn (g/mol) Mw (g/mol) Mz (g/mol) | Mz+1 (g/mol) | Mv (g/imol) PD
Peak 1 175093 173543 410183 1129636 2034094 1001678 2.364
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Figure 2.5. Molecular Weight of LPS by GPC analysis

A reported range of 1-4 million Da from different literature sources (Rietschel et al., 1994;
Jann, Reske and Jann, 1975)suggests that the resulting molecular weight of LPS is dependent on
several parameters. These include the presence or absence of cations in solution, the solvent used,
the method used and the presence or absence of surface agents. It has been previously suggested
that to determine the molecular weight of LPS in its purest form, strong active surface agents and

complete absence of divalent cations are needed. Deviating from these conditions would result in a
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micelle arrangement with molecular weight of approximately 1000kDa (Aurell and Wistrom,

1998).

In order to avoid the formation of any clusters/micelles, a concentration of less than 14
pg/mL of LPS in double distilled water was chosen (Santos et al., 2003). This concentration was
chosen for safety even though the critical micelle concentration of the specific strain that was used
in this project is 22 pg/mL (Aurell and Wistrom, 1998). This suggests that no micelles were
formed and that GPC analysis provided the most accurate number for the molecular weight of LPS.
Since the results were repeatable and micelles were avoided, the resulting molecular weight of LPS

was found to be 410183 g/mol.

2.3.2 Characterization of minerals

2.3.2.1 Urania Synthesis

The results of the XRD analysis of synthetic UO, prepared by reduction of studtite
confirmed that the product was pure urania. Clear sharp peaks for urania were obtained at 20 =
28°,33°, 47°, 56°, 58°, 69°, 76°, 78° representing the (111), (200), (220), (311), (222), (400), (331)
and (422) phases respectively. The resulting peaks agreed with previously published data on

synthetic urania as well as chemogenic urania (Sanjay et al., 2016).

As discussed by Kumar et al., (2010) most cases of synthetic urania reveal UO; or other
UOy phases, which are usually present due to incomplete reduction of the starting materials into
pure urania. However, the reaction conducted here reached completion, since all urania peaks
obtained by XRD are sharp, indicating the presence of the fluorite structure and no extra peaks

were observed (figure 2.6).
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Figure 2.6. XRD results for synthesised UO, (blue) compared with given PDF card (red- PDF Card:
00-005-0550). The green peak is the result of the sample holder used. X axis = 2Theta (20), Y axis =

Intensity (counts).

2.3.2.2 Characterization of Ceria and Europium oxide

Europium oxide and ceria were characterised using the X'Pert® Powder by PANalytical on
reflection mode for 15 minutes to compare with existing templates available from the International
Centre of Diffraction Data (ICDD). An example of the results is shown in figure 2.7. Both the
europium oxide and ceria samples resulted in the expected peaks indicating that the minerals used
were of the purest forms with no other phases interfering in the interactions. As shown in figure
2.7, the resulting peaks from the XRD analysis were compared with previously published data and
were found to be identical. No extra peaks were observed indicating no contamination. The size of
the particles was assessed using AFM and was found to be 50-100 nm for europium oxide and <50

nm for ceria.
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Figure 2.7.Eu,03 characterization with XRD (left) and AFM (right) [PDF: 01-086-2476]

2.3.3 Adsorption of LPS on Ceria

2.3.3.1 Zeta Potential of LPS — Ceria interactions

Surface charge is a key component describing the behavior of microorganisms. Therefore,
the behavior of their bio-components such as LPS can be used to access important information
regarding cell interactions (Tofail, 2012). The observed charge is a result of an increase in net
charge at the particle surface. This affects the distribution of ions in the close surrounding region
which results in the formation of a double layer as shown in figure 2.8. The double layer was
firstly introduced by Helmholtz in 1850 who described the existence of two layers, the inner layer
known as the 'Stern layer' which consists of the surface and the closely related ions and one outer
layer that consists of ions less affected by the surface. The surface charge of particles is usually

examined with zeta potential measurements and electrophoretic mobility (Tofail, 2012).
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Stern layer Diffuse layer Bulk

Figure 2.8. The structure of the electric double layer

Figure 2.9 shows the results of zeta potential of ceria before and after the interaction with
LPS at different electrolytes and pH conditions. Control LPS showed a negative potential at neutral
pH conditions. This result agreed with previously published work on zeta potential of LPS that
proposed a low point charge of bacterial cells in close-to-neutral environments like natural water
(Jiang et al., 2013). The same was shown for P. fluorescens biofilms, the zeta potential of which is

primarily controlled by LPS (Takenaka et al., 2007).

Slightly positive zeta-potential is expected for acidic solutions due to the added protons
found in the samples which are directly related to zeta potential measurements (Yukselen-Aksoy
and Kaya, 2011). Hence, control LPS at pH3 is slightly positive (~10mV - figure 2.9). Similarly,
ceria controls at acidic conditions resulted in positive zeta potential for all three different
electrolytes while neutral and basic conditions resulted in negative zeta potential measurements for

all blank samples (ceria controls).
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Figure 2.9.Zeta potential of LPS and Ceria before and after the interaction at different electrolytes

and pH conditions. Y axes is zeta potential (mV) and x axes is pH. Data at a 95% confidence level.

When the macromolecule is interacted with the mineral (indicated as 'Ceria-LPS" in figure
2.9), a change in zeta potential is observed. The zeta potential of LPS-Ceria at acidic conditions in
the presence of water, CaCl, and NaCl was ~-50, ~-10 and ~-20 mV respectively. The zeta
potential of the control ceria sample at pH3 was always higher than 0 mV. This change from
positive to negative zeta potential when the macromolecule is added in the system indicates that a
large change at the surface charge of the mineral was observed, likely to be due to an adsorption
process. Similarly, the zeta potential of LPS-Ceria at neutral conditions in the presence of water,
CaCl, and NaCl was ~-80, ~-40 and ~20 mV respectively. The zeta potential of the control ceria
sample at pH7 was always higher than the measured value for the Ceria-LPS systems. Lastly, the
zeta potential of LPS-Ceria at basic conditions in the presence of water, CaCl, and NaCl was ~-75,
~-40 and ~-15 mV respectively. The respective zeta potential measured for the ceria control
samples was always higher than the respective Ceria-LPS samples (with the exception of NaCl
containing samples where the value of zeta potential was reversed), again indicating the change in
surface charge and hence the adsorption process that took place on the surface of ceria. In general,

it was observed that in all acidic Ceria-LPS samples, the zeta potential was reversed compared to
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the starting zeta potential (without the added macromolecule) while the neutral and basic systems
showed a decrease in the measured zeta-potential values when the macromolecule was added to the
system. These results agreed with the observed reduction in zeta potential with increasing
hydrophobicity of hydrocarbon adsorption onto Staphylococcus aureus (Wilson et al., 2001) and

suggested that an adsorption process has taken place.

2.3.3.2 Quantification of LPS - Calibration Curve

Experimental LPS uptake kinetics onto ceria were calculated using the Purpald assay (sub-
section 2.2.4.2)for quantification of LPS before and after the interaction with the minerals. A
calibration curve was constructed showing the relationship of absorbance, A, with LPS
concentration, C, as derived from the Beer-Lambert Law (equation (2.6)). Since ¢ and | are
constant in the given example (all experiments were carried out in 96-well plates and ¢ is constant
for a given substance), the absorbance is directly related to the concentration of LPS and hence, a

linear graph was obtained (figure 2.10).

In most cases of studies involving quantification a single calibration curve is used for all
different conditions to evaluate the effect each condition has on a given system. In the case of LPS
guantification a single calibration was not possible due to interference from the presence of cations
which was evident from the high error bars obtained. To avoid interference, calibration curves that
matched the matrix of experimental conditions were constructed (different calibration curves
reflecting the inclusion of different electrolytes and pH conditions). The reason behind the
observed differences between the calibration curves was that the different conformations LPS
adapted at different pH conditions had an effect on the efficiency of the Purpald assay. It has been
previously shown that the presence of positive ions such as protons, Ca** and Na* has a direct effect
on the conformation of LPS(Parikh and Chorover, 2007). That is due to bridging by cations that
increases intermolecular binding and thus, affects the availability of LPS moieties. A matrix match

approach was taken to calibration where the linear relationship was verified for each pH value
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studied. LPS standards with identical conditions to the experiment were used to ensure that the
LPS-cation interactions were included when accounting for the concentration of LPS in solution.
An example of the Ca?*- related calibration curves can be found in figure 2.10. All the different

calibration curves can be found in appendix 2.

Calibraton Curves
LPS Quantification - Purpald Assay
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Figure 2.10. Calibration curves for the Purpald Assay

The differences observed when comparing the calibration curves confirm the hypothesis
that suggested different conformations of LPS under different conditions that affect the availability
of the LPS moieties. As can be seen from figure 2.10 and appendix 2, all calibration curves
constructed for pH10 showed higher light absorption compared to the pH3 and pH7 curves. It is
also observed that the inclusion of Ca®* under acidic condition (pH3) showed the lowest absorption
with the highest LPS concentration resulting in less than one third of the absorption observed when
Ca” were present under basic conditions (pH10). Furthermore, the water and NaCl solutions
showed similar behavior under acidic and neutral conditions which further supports the literature
that suggested only small differences between the conformation of LPS when Na” or protons are
present(Parikh and Chorover, 2007). In general, the calibration curves fit well with previously
published work suggesting conformational changes of the LPS molecules according to pH

conditions and inclusion or not of ions in solution.
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2.3.3.3 Experimental Isotherms for sorption of LPS onto Ceria

The Purpald Assay was used to quantify LPS before and after its interaction with ceria.
Ceria (cerium oxide, CeQ,) is a cubic fluorite-type oxide similar to UO,. The structural similarities
with thoria and urania, as well as americium oxides usually found in nuclear waste, render ceria as
a suitable analogue of the mentioned minerals when surface interactions are considered
(Watkinson et al.,2015). According to Kosmulsko (2002) and Nolan and Watson (2006), the pH of
point of zero charge of ceria ranges from 6.4 - 8.6 (table 2.2) which suggests that the mineral
exhibits a positive charge below pH 6.4 and a negative charge above pH 8.6. By examining
systems of pH3, pH7 and pH10 all different scenarios with ceria being negatively charged,
positively charged and close-to-neutral are accessed. Assuming a sorption process is dominated by
attraction of molecules of opposite charge, the results of experiments covered a range of positive to

negative binding to negative to slightly negative binding.

Table 2.2 pH at point of zero charge (Kosmulsko, 2002; Nolan and
Watson, 2006)

Mineral pH
Al,O3 9.8
CeO, 6.4-8.6
CuO 7.5-9.4
Fe,0, 7395
Tio, 5.9-7.5

The LPS concentration used for all the cases was higher than the CMC; this was intended
to represent the cell-bound form of LPS with the assumption that only the O-antigen region of the
molecule is exposed for interaction with the minerals (more information in sub-section 2.1.1.1). In
environmental samples, both the cell-bound and free LPS can be found in solution but in free-LPS,

the lipid A moiety of the molecule is exposed which promotes strong intermolecular interactions
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(Parikh and Chorover, 2008); this potentially results in no interactions with any external molecules,

e.g. the nuclear-related surfaces.
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Figures 2.11 — 2.13. Isotherm of LPS-Ceria interactions at pH3 (left —figure 2.11), pH7 (right- figure
2.12) and pH10 (middle-figure 2.13).

The isotherm constructed for the ceria-LPS interaction at pH3 is shown in figure 2.11. The
mass adsorbed is represented by 'Q' (mg g?). None of the sodium or calcium-containing
experiments resulted in a clear adsorption profile in contrast with the water (reflecting the proton-
mediated interaction) which resulted in an isotherm that reached a plateau. Calcium chloride was
the electrolyte with the lowest mass of LPS adsorbed through the whole concentration range. NaCl

and water seemed to behave similarly as in the pH10 case as shown in figures 2.11 and 2.13.

According to the point of zero charge of ceria, at pH3 the surface of ceria is positively
charged and the surface of LPS is neutral to slightly- negatively charged. Thus, sorption would
occur spontaneously due to the attraction of opposite charges, with no need for bridging ions (i.e.

Ca”* ions) to mediate the adhesion process. However, it has been previously suggested that high
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concentrations of calcium ions disrupt LPS aggregates causing reorientation on surfaces of varying
surface chemistry. There have also been observations associating calcium ions with interactions
with the lipid-A component of LPS. This region of the LPS molecule has been previously studied
and it was shown that it promoted intermolecular interactions, inhibiting possible adhesion

processes (Parikh and Chorover, 2008).

In the case of negatively charged surface to negatively charged adsorbate, it is
hypothesised that the ions in solution would contribute to the binding. Experiments conducted at
high pH conditions (pH7 and pH10) represented a scenario where the ceria was negatively charged
when in contact with a partly negatively charged LPS. As previously explained, the amphiphilic
character of LPS enables the molecule to act differently under different pH environments. The
different functional groups and the moieties present in LPS can orient according to the pH
environment and as it has been previously suggested, during adhesion to negatively charged
surfaces, the O-antigen of LPS is the moiety responsible for the molecule's sorption onto the

surface (Parikh and Chorover, 2008).

In the cases of experiments conducted at pH7 and pH10 (figures 2.12 and 2.13
respectively), it was observed that LPS in water and LPS in NaCl behaved similarly with both
cases showing a positive sorption of LPS on ceria. In the case of experiments conducted in solution
containing calcium chloride, the sorption process resulted in higher mass adsorbed compared to
experiments conducted in solution containing sodium chloride and water which was in agreement
with previous studies on interactions of minerals with LPS in the presence of CaCl, (Parikh and

Chorover, 2008).

All the obtained results indicate a clear sorption profile at neutral to basic pH conditions
with a preference for sorption to occur in solutions that contain divalent cations (specifically Ca®*).
Both water and sodium chloride showed a similar sorption profile in neutral and negative
environments which suggested that the two electrolytes could both mediate the interaction under

specific conditions.
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In acidic environments, the interaction between LPS and ceria did not result in clear
sorption profiles (no clear plateau was reached). This suggested that intermolecular interactions
within the LPS molecule induced a 'barrier' impeding the sorption process to occur. The term
'barrier' here is used metaphorically to describe the change of LPS conformation that inhibited the
extent of sorption. That was due to bridging of LPS moieties via Ca®* that resulted in limited
availability of binding sites for sorption to ceria. This was not the case when only protons were
present in solution under acidic conditions (water-mediated interaction). In the case of proton-
mediated binding the proton is weaker and proton intermolecular forces are hence easier to break

and make binding sites available for sorption with ceria.

A hypothesis arising from the above observations relates to the divalent cations which are
widely available under acidic conditions due to the mobility of the ions at low pH. This increased
availability of cations in solution is responsible for the inability of LPS to interact with any
approaching surface as it promotes intermolecular binding which is ‘bridged' by the cations. On the
opposite end, divalent cations are less mobile under basic conditions due to the speciation of
calcium when the pH is increasing. In this case, intermolecular binding via the cations does occur
but the cations are at the same time acting as 'bridges' for sorption onto the negatively charged
surface. It is therefore proposed that the conformation of LPS is not the only factor affecting the
adsorption of the macromolecule onto the ceria surface. Another factor that plays a role in this
interaction is the surface charge of the ceria in combination with the number of available Ca** ions
under acidic or basic conditions. These two factors were found to have an effect on the availability
of the surface for adsorption, as shown by the zeta potential experiments (sub-section 2.3.3.1).

More details on the suggested mechanism are given in section 2.3.7.

2.3.3.3.1 Equilibrium Modelling of LPS sorption onto Ceria

In a system where LPS is approaching a surface, a series of different interactions are

possible depending on the different conformations of the molecule, which are directly related to the
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environmental (pH) conditions. A monolayer of adsorbed LPS would be really hard to achieve,
especially due to the long chain of functional groups within the LPS molecule. This suggests that

there is not just a single reaction site but multiple groups competing during an adsorption reaction.

In order to describe the sorption process, the Langmuir and the Freundlich models were
used. The Langmuir isotherm is mainly used for gas adhesion onto solid surfaces and not solution
to solid adhesion. Failure on fitting the data with the Langmuir model (R’<0.6) suggested the
existence of a multi-site adhesion process or a more complicated situation where one or two
molecules bind and the rest of the molecules are blocking the available binding sites due to their
large size. The Freundlich isotherm is empirical and while the Langmuir model assumes that only a
monolayer of the approaching molecule will end up on the surface, the Freundlich isotherm

(equation (2.7)) is preferred when 'stacking' of adsorbed molecules onto the surface is observed.
In(Qe) = In(Kp) + ni -In(C,) equation  (2.7)
F

For better fitting, a modified version of the Freundlich model was included as shown by equation

(2.8). This version of the Freundlich model provided the best R? scores (R*>0.95).
In (2—) = In(Kyg) + (HLMF —1)In(Ce) equation  (2.8)

The intercept of this equation is equal to In(Kyg) while the slope is equal tonL — 1. After plotting
MF

ln(%) Vs In(C,) we can therefore extract the values of Kyr and nye. Correlation coefficients and

constant parameters calculated for the adsorption models can be found at table 2.3. A summary of
all the data fitting on the modified Freundlich model for the adsorption of LPS onto ceria under

varying conditions can be found in appendix 3.
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Table 2.3. Modified Freundlich model-Results of LPS adsorption on Ceria

ID Equation Y X Intercept Slope Kme NmE
LPS-Ceria
. Qe 1 1 1
in: 1 (—)=1 K +<——1>l C c=InK =—-1 ¢

e, n(Kwr) nyp n{Ce) M e © m+1
NaCl pH10 y=-0.916x+2.486 2.486 -0.916 12.017 11.848
NaCl pH7 y=-1.055x+2.579 2.579 -1.055 13.180 -18.215
water pH7 y=-0.580x+0.808 Q 0.808 -0.580 2.244 2.381
1 (C—e) In(C.)

CaCl, pH10 y=-0.948x+3.048 € 3.048 -0.948 21.082 19.342
CaCl, pH7 y=-0.825x+2.486 2.486 -0.825 12.015 5.717
water pH10 y=-0.966x+2.845 2.845 -0.966 17.195 29.674

Where C.=LPS concentration at equilibrium (mg L™), Q.=equilibrium adsorption capacity (mg g™),

Kwme= Modified Freundlich constant (L/g), nue = heterogeneity factor of adsorption sites. R>>0.95

The standard free energy change of adsorption (4G) can be correlated with each
equilibrium concentration, C,. Different methods have been proposed during the past few years
relating the isotherm constants with the free energy change of adsorption. K, (equation (2.10)) can
be replaced by constants obtained using the Langmuir isotherm, the Tempkin isotherm (Tosun,
2012), the Freundlich isotherm or by using the Khan and Singh method (Khan and Singh, 1987).
Here, the method of Khan and Singh who defined the distribution coefficient Ky (equation (2.9))
was employed and used to obtain 4G values (equation (2.10)) where Q.= quantity of
macromolecule adsorbed at equilibrium (mg g™), C.=equilibrium concentration (mg L™); AG=

standard free energy change of adsorption, R= gas constant (0.008314 kJ/mol); T= temperature in

Kelvin (K).
Kq = 2 equation  (2.9)
Ce
AG = —RTIn(K.) equation  (2.10)
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K. is essentially replaced by Ky after a correction which is needed to ensure that the
resulting value is dimensionless (K. in equation (2.10) has no units thus Ky can only be used if
adjusted prior to any 4G calculations, Milonjic, 2007; Tran et al., 2016; Canzano et al., 2012)).
Also, the Freundlich (and modified Freundlich) constant Kris equal to K4 as In(Kg) is equal to the
value of In(Kg) at equilibrium concentration C;=1 mg L™ (Bhatt et al., 2012). That can be proved
by combining the general form of the Freundlich equation (2.7) with equation (2.9). Replacing C.

with 1 mg L™ in equation (2.7) results in:
In (1) =0 — In(Qe)=IN(KE) — Q= K¢
and also K¢= Q. (when C,=1 mg L™) for equation (2.9)

Hence Ke=K4

Using equations(2.9) and (2.10) results in the free energy change of adsorption which can be found

at table 2.4,

Table 2.4. AG calculations for LPS adsorption to ceria

ID Kue Ke AG kJ mol™
LPS/Ceria in NaCl pH10 12.017 1201.7 -23.053
LPS/Ceria in NaCl pH7 13.180 1318 -23.279
LPS/Ceria in water pH7 2.244 2244 -18.935
LPS/Ceria in CaCl, pH10 21.081 2108.1 -24.432
LPS/Ceria in CaCl, pH7 12.015 1201.5 -23.052
LPS/Ceria in water pH10 17.195 1719.5 -23.932

The negative AG values indicate a spontaneous reaction between the ceria particles and the
LPS molecules. It is observed that the energy values obtained for the adsorption are close
numerically, ranging from -18 kJ mol™ to -24 kJ mol™. These values are in the range of
‘physisorption’ (-40 to 0 kJ mol™ - Bhatt et al., 2012), which suggests that no chemical bonding
occurs between the surface and the molecule (which is known as ‘chemisorption’) but Van der

Waals forces are causing the observed interaction instead.
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2.3.3.4 Kinetics

The Purpald assay was used to quantify LPS at different times and constant concentration

of LPS, in order to assess the kinetics of the interaction. The different kinetics of each reaction

according to the corresponding pH conditions are shown in figures (2.14)-(2.16). The mass

adsorbed is shown with the value Q (mg g™).

LPS/CeO5 pH3 LPS/CeO5 pH7
15.5 16
135 W LPS — NaCl 14
0.01M CeO.
2 i 2 = 35 mLPS -NaCl
2 15 a8 g 0.01M
o @ LPS — CaCl, o 10
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2 2 o 0.01M
g ¥ LPS- Hy0 g °
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Figures2.14-2.16.Kinetics of LPS-Ceria interactions at pH3 (fig. 2.14-left), pH7 (fig. 2.15-right) and

pH10 (fig. 2.16-middle).

From figures 2.14, 2.15 and2.16, it can be observed that the interaction between ceria and

LPS reaches a plateau after ~250 min. The process is fast, with the highest sorption reached after

420 min of interaction for all electrolyte conditions studied. At basic conditions, the inclusion of

calcium chloride as the electrolyte resulted in higher LPS adsorption by the mineral compared to

the acidic conditions.
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NaCl followed a similar profile to that of water in all three cases. This comes in agreement
with previous research on the interactions of LPS with ZnSe, GeO, alpha-Fe,O; and alpha-Al,Os
which suggested that systems with LPS in NaCl show similar surface affinity to solution phase
LPS(Parikh and Chorover, 2008).This implies that Na* is such a small cation that doesn't make a
difference compared to H*. Thus, Van der Waals bonding interactions can occur in the presence of

both cations.

The behavior of LPS in solution is similar for both Na" and protons as the conformation of
the molecule is not affected by either of the ions. Calcium on the other hand was found to affect
the lipid A region of LPS due to the change of the conformation of the molecule when in solution
with the ion. This also results in different sorption profiles when the molecule comes into contact

with surfaces of different hydrophobicity at varying pH conditions(Parikh and Chorover, 2008).

Kinetic data was analysed using pseudo-first order and pseudo-second order models. A
linear fit (R*>0.98) was obtained for a pseudo second order reaction with equation (2.11) where Q,
and Q, =adsorption capacity at equilibrium and time t respectively (mg g™*), k= rate constant of the

pseudo second order adsorption (g mg™min™).

d

d—f = k(Q, — Q,)* equation  (2.11)
The linear form of equation (2.11) is shown in equation (2.12) where k=rate constant of the pseudo

second order adsorption (g ml™ min ™).

t 1

+ = ti 2.12
% ng % equation  (2.12)

A plot of Time/Q; Vs Time was used to evaluate the rate constant of the interaction as shown in

figure 2.17 and table 2.5.
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Figure 2.17.Pseudo-second order fitting of LPS-Ceria interactions.

Table 2.5. Results of kinetic analysis of LPS adsorption to Ceria

1D Equation y=Mx+C Intercept Slope Qe.=1/m K =1/(CQ:%)
C=1/kQ;’ M=1/Q,

mg g* *10% g mg "
'min*
LPS/Ceria NaCl pH10 Y=0.068x+4.581 4.581 0.068 14.786 0.998
LPS/Ceria CaCl, pH10 Y=0.054x+3.797 3.797 0.054 18.388 0.779
LPS/Ceria water pH10 Y=0.066x+4.732 4.732 0.066 15.221 0.912
LPS/Ceria NaCl pH3 Y=0.088x+2.884 2.884 0.088 11.298 2.717
LPS/Ceria CaCl, pH3 Y=0.070x+5.638 5.638 0.070 14.321 0.867
LPS/Ceria water pH3 Y=0.080x+4.552 4.552 0.080 12.534 1.398
LPS/Ceria NaCl pH7 Y=0.068x+4.772 4.772 0.068 14.707 0.969
LPS/Ceria CaCl, pH7 Y=0.073x+3.952 3.952 0.073 13.760 1.337
LPS/Ceria water pH7 Y=0.074x+3.895 3.895 0.074 13.522 1.404

The theoretical values of Q. agreed well with the experimentally obtained values and
ranged from 11 to 18 mg of LPS adsorbed per gram of mineral with LPS showing a preference
(highest Q. value) at calcium ions under basic conditions. In basic and neutral environments, a
similar behavior of the sodium containing samples and the water containing samples was observed
suggesting a similar sorption mechanism of the LPS in the presence of sodium ions to the solution
phase LPS. The results agreed with the adsorption kinetic models obtained for the adsorption of

organic compounds onto ceria-activated carbon (Alhooshani, 2015).
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2.3.3.5 ATR-FTIR of Ceria-LPS interactions

ATR-FTIR spectroscopy was used in an attempt to confirm and characterise the interaction
of ceria with LPS. Figure 2.18 shows some characteristic examples of the products of Ceria-LPS
interactions under different conditions which resulted after a 400-minute interaction between the
starting materials. Similar results were observed for all the samples tested and a summary of the

ATR-FTIR assessment can be found in appendix 4.

Clear LPS peaks can be identified at all spectra which indicates the presence of LPS in the
reaction product. A sharp peak at ~1060 cm™ is assigned to the C-O or C-O-C band while a second
one at 1106 cm™shows the presence of a PO, band. Hydrated PO, asymmetric stretch is identified
at 1200-1225 cm™ and the peak at 1230-1245 cm™ represents the metal-complexed PO,
asymmetric stretching vibration. The above results are in agreement with the work of Parikh and
Chorover(2008) who studied the interactions of several minerals with LPS using ATR-FTIR. A
list of IR assignments for LPS has been adapted from Parikh and Chorover(2008) and is shown in

table 2.6.

Table 2.6. IR Assignments for LPS

Wavenumber cm™ IR band
2915-2923 CH, asymmetric stretching vibration
2848-2854 CH, symmetric stretching vibration
1460-1470 Bending vibrations
1250-1265 Metal-complexed asymmetric stretching PO, vibration
1230-1245 Complex PO, asymmetric stretching vibrations
1200-1225 Hydrated PO, asymmetric stretching vibration

1106 PO, stretching vibration
1020,1050-1085 C-0C-0-C
960-983 PO,
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Figure 2.18. ATR-FTIR of LPS interacted with Ceria. ‘LPS/CaCl, only’ (red) represents the control
sample while the rest are data collected under different pH conditions (green= LPS interacted with
Ceria at pH3, purple= LPS interacted with Ceria at pH7 and blue= LPS interacted with Ceria at
pH10) .

The results of the LPS-CeO, samples were compared to LPS controls under varying pH
and electrolyte conditions (figure 2.19 shows some selected spectra of control LPS samples for
clarity, the rest of the ATR-FTIR results for control LPS samples can be found in appendix 5). The

difference in intensity of the peaks is associated with the quantity of materials tested.

The control spectra showed a similar range of peaks that include a very intense peak at
~1060 cm*for the C-O or C-O-C band and a second one at 1106 cm™for PO, Hydrated PO,
asymmetric stretch is identified at 1200-1225 cm™. Most of the control spectra are almost identical,
with a small difference at the 1300-1400 cm™ range of the LPS in CaCl, at pH10 sample which is
possibly related to the different conformation of the molecule. However, most of the bands
observed in the control spectra are identical, which suggests that the same functional groups are

present in all samples.
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Figure 2.19. ATR-FTIR of LPS controls under different conditions

If we look closely at the LPS-Ceria in CaCl, samples (figure 2.18), significant shifts can be
observed, compared to the respective control LPS sample (figure 2.19). The intense peaks of the
LPS vibrations at 1640 cm™, 1070 cm™ (C-O, C-O-C), 1026 cm™ are visible but not that sharp
while a shift of the 1210 cm™peak (hydrated PO,) and the 1274-1376 cm™ region are observed at
all different pH conditions. A small peak at 1245 cm™ (metal-complexed PO, is also observed in

the LPS-CeO, samples which is not present in any of the control spectra.

Even though small differences were observed between the spectra of control LPS and LPS-
Ceria interacted samples, the identified peaks cannot be used to explain how the LPS moieties have
interacted with the mineral. The peak ranges where differences were observed involve C-O, C-O-C
and PO, functional groups which are widely available within the molecule (and especially the O-
antigen region of the LPS structure), making it difficult to identify the exact LPS moieties
responsible for the sorption process. Since the experiments included LPS concentrations higher
than the CMC of the specific strain, it was assumed that the micelle arrangement adapted by the
molecule would limit the availability of the lipid-A moieties for interaction and only the O-antigen
moieties were exposed. Thus, the ATR-FTIR results can be associated with the O-antigen region,
similarly with the results of Parikh and Chorover who used ATR-FTIR to examine the interaction
of LPS with FeO, The same peaks were observed at both studies while no clear distinction relating

the individual LPS moieties with the interaction could be made, with a general conclusion indicting
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that the sorption of the molecule is most likely mediated by the O-antigen region and carbohydrate

(C-0, C-0-C) and phosphate (PO, groups (Parikh and Chorover, 2008).

2.3.3.6 Electron Microscopy

The samples at pH 7 were considered the best samples to analyse since most interactions in
the natural environment will occur around neutral pH. The results show that the ceria particles

were coated with LPS (figure 2.20).

The Ce (representing the particle), C (found in LPS), P (found in LPS) and Ca
(representing the electrolyte) maps taken show that all elements are present in the same locations in
the sample (figure 2.20). Hence, the ceria particle is coated with both calcium ions and LPS. The
EDX results confirm that only Ce is present, showing no contamination from other compounds.
The results did not show specific binding sites or areas of interaction, however it is clear that LPS
coats the particles thus, it is interacting with the solid. There was no excess of LPS around the
particles (typical of other bacterial samples (Bjerre et al. 2002)) which indicates that the LPS

strands stay within the particle.
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Figure 2.20.Transmission Electron Microscopy analysis of Ceria-LPS samples in CaCl, at pH7. The
images named P, Ce, C and Ca are the EDX maps of the corresponding elements. The Ce
(representing the particle), C (found in LPS), P (found in LPS) and Ca (representing the electrolyte)
maps taken show that all elements are present in the same locations in the sample. Hence, the ceria

particle is coated with both calcium ions and LPS.
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2.3.4 Adsorption of LPS onto europium oxide

2.3.4.1 Quantification of LPS- Calibration curve

Experimental LPS uptake kinetics onto europium oxide were calculated using the Purpald
assay (sub-section 2.2.4.2). The same calibration curve constructed for the quantification of LPS

described in sub-section 2.3.2.2 was used.

2.3.4.2 Experimental Isotherms for sorption of LPS onto
europium oxide

The Purpald assay was used to quantify LPS before and after its interaction with europium
oxide. Europium, as a typical nuclear fission product and a representative of the medium rare earth
elements, has been one of the few elements the minerals of which have been of interest regarding
the biomineralisation process (Moll et al., 2014; Bayer et al., 1999). Europium is also used as a
chemical homologue of the radioactive Cm and Am which are hardly handled due to their high
radioactivity and toxicity (Babelot, 2013). Preliminary tests on europium biomineralisation were
carried out by Macaskie et al. (Macaskie et al., 1994) while another study on europium proved the
precipitation of insoluble europium complexes when growing bacteria were treated with europium

ions(Bayer et al., 1999).

Europium oxide (Eu,0s) is a body-centered cubic oxide at low temperatures. The point of
zero charge (p,) of europium oxide is pH=5 (Curtis and Tharp, 1959). The pH at point of zero
charge suggests that the mineral exhibits a positive charge below pH 5 and a negative charge above
pH 5. By examining systems of pH3, pH7 and pHZ10 all different situations with europium oxide

being negatively, positively charged and close-to-neutral are accessed.
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The LPS concentration used for all the cases was higher than the CMC; this was intended
to represent the cell-bound form of LPS with the assumption that only the O-antigen region of the

molecule is exposed for interaction with the minerals (more information in sub-section 2.1.1.1).
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Figures2.21-2.23. Isotherm of LPS-Eu,0; interactions at pH3 (fig. 2.21-left), pH7 (fig. 2.22-right) and

pH10 (fig. 2.23-middle)

In the case of experiments performed at pH3 (figure 2.21), CaCl, was the electrolyte with
the lowest maximum mass of LPS adsorbed. According to the zero point of charge of europium
oxide, pH3 environments induce a positive charge on the surface and a neutral, slightly- negative
charge on the LPS which suggests that sorption would occur spontaneously due to the attraction of
opposite charges, with no need for bridging ions (i.e. Ca®* ions) to mediate the adhesion process.
Additionally, it has been previously suggested that calcium ions disrupt LPS aggregates causing
reorientation on surfaces of varying surface chemistry. There have also been observations

associating calcium ions with interactions with the lipid-A region of LPS which does not play a
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role in bound LPS-surface adhesion but intermolecular interactions instead (Parikh and Chorover,

2008).

As mentioned previously, a sorption process when no ions were included (water only) was
obtained. The observed results suggest that in highly acidic environments, inclusion of ions is not
necessary for a sorption process to take place and LPS cannot adsorb onto europium oxide with the
same efficiency as it does at highly alkaline environments. This comes in agreement with the
results obtained for sorption of LPS onto ceria, described in sub-section 2.3.3.In the case of pH7
where the surface is slightly negative (figure 2.22), NaCl resulted in the highest maximum Q with

water closely following.

In the case of experiments performed at pH10 (figure 2.23), it was observed that LPS in
water and LPS in NaCl behaved similarly with both cases showing a positive adsorption of LPS
onto europium oxide. In the case of calcium chloride, the adsorption process resulted in the highest
mass of LPS adsorbed per gram of europium oxide which is in agreement with previous research
on interactions of minerals with LPS in the presence of CaCl, (Parikh and Chorover, 2008).
Experiments conducted at high pH conditions represented a scenario where the europium oxide

surface was negatively charged when in contact with a negatively charged LPS.

The results were similar to that of the sorption profiles obtained for LPS interactions with
ceria. All the obtained results indicate a clear sorption profile at neutral to basic pH conditions with
a preference for sorption to occur in solutions that contain divalent cations (specifically Ca"). Both
water and sodium chloride showed a similar sorption profile in neutral and negative environments
which suggests that the two electrolytes can also mediate the interaction under specific conditions.

In the case of water, a proton-mediated process is suggested.

In acidic conditions, a clear sorption profile was obtained (clear plateau was reached) in
contrast to that obtained for LPS sorption onto ceria. However, the reaction was proved
challenging (no clear sorption profile could be obtained) suggesting intermolecular binding which

interrupts the sorption process. Similarly with the case of ceria, a hypothesis arising from the above
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observations relates to the divalent cations which are widely available under acidic conditions due
to the mobility of the ions at low pH. This increased availability of cations in solution is
responsible for the inability of LPS to interact with any approaching surface as it promotes
intermolecular binding which is 'bridged' by the cations. On the opposite end, divalent cations are
less mobile under basic conditions due to the speciation of calcium when the pH is increasing. This
results in intermolecular binding via the cations but at the same time, the cations are acting as
‘bridges’ connecting the negatively charged surface with the negatively charged macromolecule.
Since both ceria and europium oxide have similar points of zero charge, the change in surface
charge according to pH is similar for both minerals which explains the similarity in sorption of

LPS. More details on the suggested mechanism are given in section 2.3.7.

2.3.4.3 Equilibrium Modelling of LPS sorption onto Europium
oxide

In order to describe the sorption process, the Langmuir and the Freundlich isotherm
models were used. The modified version of the Freundlich model, explained in sub-section
2.3.3.2.1 provided the highest R* scores (R*>0.98) and hence, the Kye and the nye values were
calculated using the equation found in table 2.7. Failing to fit the data on the Langmuir model
(obtained values of R*< 0.6) suggests the existence of a multi-site sorption process or blocking of
any available sites from a small number of LPS molecules. All the LPS-Eu,0; samples showed
similar results. The plotted results can be found in appendix 6. A summary of the resulting
equations and the associated constants can be found at table 2.7. The constants were calculated as

explained previously (sub-section 2.3.3.2.1). Only data of R*> 0.95 were considered.
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Table 2.7. Modified Freundlich model-Results of LPS adsorption on europium oxide

ID Equation Y X Intercept Slope Kme NmE
T Y (0 B Ly S I A P e
NaCl pH10 y=-0.998x+2.827 2.827 -0.998 16900  503.860
NaCl pH7 y=-1.027x+3.040 3.040 -1.027 20897  -37.265
water pH7 y=-0.833x+2.099 2.099 -0.833 8.157 5.986
CaCl, pH10 y=-0.875x+2.687 2.687 -0.875 14.689 8.025
CaCl, pH7 y=-0.814x+2.048  In (g—) INC)  2.048 -0.814 7.75565 5.368
water pH10 =-0.930%+2.455 2.455 -0.939 11.649 16.413
NaCl pH3 y=-0.939x+2.877 2.877 -0.939 17.765 16.456
water pH3 y=-0.798x+2.153 2.153 -0.798 8.615 4.962
CaCl, pH3 y=-0.989x+3.102 3.102 -0.989 22.242 93.776

Where C.=LPS concentration at equilibrium (mg L™), Q.=equilibrium adsorption capacity (mg g™),

Kwmr= modified Freundlich constant (L/g), nyr = heterogeneity factor of adsorption sites.

The standard free energy change of adsorption (4G) was calculated as explained

previously (sub-section 2.3.3.2.1). The results can be found at table 2.8.

Table 2.8. AG calculations for LPS adsorption to europium oxide

ID K AG kJ mol™
LPS/Eu,03in NaCl pH10 16.900 -23.889
LPS/ Eu,05 in NaCl pH7 20.897 -24.412
LPS/ Eu,05 in water pH7 8.157 -22.102
LPS/ Eu,03 in CaCl, pH10 14.689 -23.545
LPS/ Eu,05 in CaCl, pH7 7.756 -21.978
LPS/ Eu,05 in water pH10 11.649 -22.976
LPS/ Eu,0; in NaCl pH3 17.765 -24.012
LPS/ Eu,05 in water pH3 8.615 -22.236
LPS/ Eu,05 in CaCl, pH3 22.242 -24.563
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The negative AG values indicate a spontaneous reaction between europium oxide and the
LPS molecules. It is observed that the energy values obtained for the adsorption are very close
numerically, ranging from ~-21 kJ mol™ to ~-24 kJ mol™. These values are in the range of

physisorption (-40 to 0 kJ mol™).

2.3.4.4 Kinetics

The Purpald assay was used to quantify LPS at different times and constant concentration
of LPS, in order to assess the kinetics of the interaction. The different kinetics of each reaction
according to the corresponding pH conditions are shown in figures2.24, 2.25 and 2.26 for

experiments conducted at pH3, pH7 and pHZ10 respectively. The mass adsorbed is shown with the

-1
value Q (mg g™).
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Figures2.24-2.26.Kinetics of LPS-Eu,03 interactions at pH3 (fig. 2.24-left), pH7 (fig. 2.25-right) and

pH10 (fig. 2.26-middle).
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From figures 2.24, 2.25 and 2.26, it can be observed that all three electrolytes successfully
mediated the interaction between europium oxide and LPS with a plateau reached after a ~250 min
of interaction. NaCl followed a similar profile to that of water in basic and neutral conditions. This
is in agreement with previous research on the interactions of LPS with ZnSe, GeO, alpha-Fe,O3
and alpha-Al,O; (Parikh and Chorover, 2008) which suggests that systems with LPS in NaCl show
similar surface affinity to solution phase LPS. Similar results were obtained for LPS adsorption
onto ceria. Furthermore, at acidic conditions, the use of NaCl as electrolyte resulted in higher LPS
adsorption by the mineral compared to water and calcium chloride. However, if the mass of LPS
adsorbed at the different pH conditions is considered numerically, the difference is very small

indicating that a very similar adsorption profile has occurred for all three systems.

In order to describe the kinetic behavior, pseudo-first order and pseudo-second order
models were used as previously described (sub-section 2.3.3.3). A linear fit was obtained for a

pseudo-second order reaction (R*>0.99 -figure 2.27 and table 2.9).

LPS/europium oxide pseudo second order kinetics
pH10

T/Q min mg A(-1)
.\\
\
° s

Figure 2.27.Pseudo-second order fitting of LPS-europium oxide interactions.
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Table 2.9. Results of kinetic analysis of LPS adsorption to europium oxide

LPSIE Equation y=Mx+C In_tercepg Siope Q.= im K =HeQsd
i-n :Uzoa C=1/kQ. M=1/Q, mg g'l #1073 gmg 1min 1
NaCl pH10 Y=0.060x+2.594 2.594 0.060 16.777 1.370
CaCl, pH10 Y=0.065x+2.007 2.007 0.065 15.327 2121
water pH10 Y=0.061x+3.189 3.189 0.061 16.393 1.167
NaCl pH3 Y=0.062x+1.098 1.098 0.062 16.153 3.489
CaCl, pH3 Y=0.065x+3.214 3.214 0.065 15.395 1.313
water pH3 Y=0.080x+2.640 2.640 0.080 12.580 2.393
NaCl pH7 Y=0.075x+3.418 3.418 0.075 13.323 1.648
CaCl, pH7 Y=0.078x+1.863 1.863 0.078 12.880 3.236
water pH7 Y=0.082x+2.702 2.702 0.082 12.222 2477

The theoretical values of Q. agree well with the experimentally obtained values and range
from 12 to 16 mg of LPS adsorbed per gram of mineral with LPS showing a preference (highest Q.
value) at sodium ions under basic and acidic conditions and water under basic conditions. In basic
and neutral environments, a similar behavior of the sodium containing samples and the water
containing samples was observed suggesting a similar sorption mechanism of the LPS in the
presence of sodium ions to the solution phase LPS. The results agreed with the adsorption kinetic

models obtained for the adsorption of LPS onto Ceria.

2.3.4.5 ATR-FTIR of europium oxide-LPS interactions

ATR-FTIR spectroscopy was used for the characterization of the interaction of europium
oxide with LPS. Figure 2.28 shows some characteristic examples of the products of europium

oxide-LPS interactions under different conditions which resulted after a 250-minute interaction
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between the starting materials. Similar results were observed for all the samples tested and a

summary of the ATR-FTIR assessment can be found in appendix 7.

Clear LPS peaks can be identified at all spectra which proves the presence of LPS in the
reaction product. A sharp peak at ~1060 cm™ is assigned to the C-O or C-O-C band while a second
one at 1106 cm™ shows the presence of a PO, band. Hydrated PO, asymmetric stretch is identified
at 1200-1225 cm™ and the peak at 1230-1245 cm™ represents the metal-complexed PO,
asymmetric stretching vibration. The above results come in agreement with the work by Parikh and

Chorover and the LPS-Ceria complexes.

ATR-FTIR results for interaction of LPS with europium oxide

varying pH and electrolytes

—3-LPSICaClyEup03 pH3
-8 LPSH0 EupOg pHI10
—- LPS/NaCl Eup O PHT

Abs

4 e 0
2800 2500 2200 1900 1600 1300 1000

cml

Figure 2.28. ATR-FTIR of LPS interacted with europium oxide

The results of the LPS-Eu,03 samples were compared to LPS controls under various pH
and electrolyte conditions (figure 2.19). The LPS control spectra showed a similar range of peaks
that include a very intense peak at ~1060 cm™for the C-O or C-O-C band and a second one at 1106
cm*for PO, Hydrated PO, asymmetric stretch is identified at 1200-1225 cm™. Most of the
spectra are almost identical. A small difference is observed at 1300-1400 cm*of the LPS in CaCl,
at pH10 sample which is possibly related to the different conformation of the molecule. A table of

IR assignments for LPS is shown at table 2.6 sub-section 2.3.3.4.
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The identified peaks cannot be used to explain how the LPS moieties have interacted with
the mineral. The bands where differences were observed between LPS-control and LPS-Ceria
spectra involve C-O, C-O-C and PO, functional groups which are widely available within the
molecule (and especially the O-antigen region of the LPS structure), making it difficult to identify
the exact LPS moieties responsible for the sorption process. Similar results were also obtained for

the LPS-Ceria products.

2.3.5 Adsorption of LPS onto thoria

2.3.5.1 Quantification of LPS- Calibration curve

Experimental LPS uptake Kinetics onto thoria were calculated using the Purpald assay
(sub-section 2.2.4.2) for quantification of LPS before and after the interaction with the minerals.
The same calibration curve constructed for the quantification of LPS described in sub-section

2.3.2.2 was used.

2.3.5.2 Experimental Isotherms for sorption of LPS onto thoria

The Purpald Assay was used to quantify LPS before and after its interaction with the
thoria. Thorium oxide, the mineral form of which is known as thoria, is a typical nuclear fission
reactant and a by-product of lanthanide and uranium production. Th(IV) biosorption by
Mycobacterium smegmatis under acidic conditions has been previously reported with values
comparable to those of [UO,]** with the same organism (Andres et al., 1993). Yong and Macaskie
have also reported the ability of Mycobacterium smegmatis to mediate the removal of Thorium as

an insoluble phosphate precipitate (Young and Macaskie, 1995).

Thoria (ThO,) is a cubic oxide, very similar to urania (Davis, 1965). The point of zero

charge (p,c) of thoria is pH=8 (Olsoon et al., 2002). The pH at point of zero charge suggests that
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the mineral exhibits a positive charge below pH 8 and a negative charge above pH 8. By
examining systems of pH3, pH7 and pH10 all different situations with thoria being negatively

charged, positively charged and close-to-neutral are accessed.

The LPS concentration used for all the cases was higher than the CMC; this was intended
to represent the cell-bound form of LPS with the assumption that only the O-antigen region of the
molecule is exposed for interaction with the minerals (more information in sub-section 2.1.1.1).
The isotherm constructed for the thoria-LPS interaction at pH3 is shown at figure 2.29. The mass

adsorbed is represented by 'Q' (mg g™).
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Figures2.29- 2.31.1sotherm of LPS- ThO, interactions at pH3 (fig. 2.29-left), pH7 (fig. 2.30-right) and

pH10(fig. 2.31-middle).

In the case of experiments conducted at pH3 (figure 2.29) water was the electrolyte with
the highest maximum mass of LPS adsorbed. According to the zero point of charge of thoria, at
pH3 the surface of thoria is positively charged and the surface of LPS is neutral to slightly-
negatively charged. This suggests that sorption would occur spontaneously due to the attraction of

opposite charges, with no need for bridging ions (i.e. Ca** ions) to mediate the adhesion process.
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In the case of experiments conducted at pH7 (figure 2.30) where the surface is positively
charged, a similar behavior with the pH3 adhesion profile was observed. The results for the
inclusion of NaCl in the system suggested a lower adsorption of LPS on the surface. The Ca®
containing system resulted in the highest LPS adsorption with the water containing system closely

following.

In the case of experiments conducted at pH10 (figure 2.31), it was observed that LPS in
water, in NaCl and in CaCl, behave similarly with all cases showing a positive adsorption of LPS
onto thoria. This is in contrast with the rest of the tested surfaces (ceria and europium oxide) where
a different adsorption profile was observed for the CaCl, case. Experiments conducted at high pH
conditions represented a scenario where the thoria was negatively charged when in contact with a

partly negatively charged LPS.

The sorption profiles obtained for LPS interactions with thoria were slightly different from
the ones obtained for ceria and europium oxide. The difference arises mainly because of the
difference in surface charge coming from the different point of zero charge of the minerals. This
shows that the surface charge plays a key role in the sorption processes when LPS is approaching a

surface and underlines the importance of appropriate pH conditions for a successful interaction.

All the obtained results indicate a clear sorption profile at acidic, neutral and basic pH
conditions with a preference for sorption to occur in solutions that contain divalent cations
(specifically Ca®") under neutral conditions. Both water and sodium chloride showed a similar
sorption profile which suggests that the two electrolytes can also mediate the interaction under
specific conditions. In acidic environments, all the electrolytes resulted in high LPS masses
adsorbed with very small differences. This suggests that thoria attracts the macromolecule strongly
and the pH dependent conformational changes of LPS do not stop sorption from happening. This is
in contrast with the results obtained for ceria and europium oxide where a clear distinction between
the sorption of LPS in the presence of the different electrolytes was concluded. A hypothesis

arising from the above observations relates to the surface charge of thoria. Previous work on the
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behavior of thoria under aqueous solutions (0.01mol/L NaCl) suggested the presence of thorium
hydroxide at the extent of 20% of the XPS accessible near the surface region of the solid
(Vandenborre et al., 2010). This suggests that at the pH conditions tested, the adhesion of LPS was

controlled by thoria hydroxides rather than the bulk crystalline ThO.,.

2.3.5.2.1 Equilibrium Modelling of LPS sorption onto Thoria

In order to describe the isotherms, Langmuir and Freundlich models were used. The
Freundlich model, explained in sub-section2.2.4.1 provided the highest R? scores (R*>0.9) and
hence the Krand the ng values were calculated using the equation found in table 2.10. The fitting
can be found in appendix 8. A summary of the resulting equations and the associated constants can

be found at table 2.10.

Table 2.10. Freundlich model-Results of LPS adsorption on thoria

1D Equation Y X Intercept Slope Ke Ng
Freundlich Model 1 1 1
In(Qe) = In(Kg) + (—) In(Ce) c=InK¢ m=— e —
ng ng m
LPS/ThO, in NaCl pH10 y=0.8585x-1.195 -1.195 0.8585 0.304 | 1.165
LPS/ ThO, in NaCl pH7 y=1.103x-3.243 -3.243 1.103 0.542 | 0.907
LPS/ ThO, in water pH7 y=1.131x-3.094 -3.094 1.131 0.085 0.884
LPS/ ThO, in CaCl, pH10 = y=0.826x-0.796 -0.796 0.826 0.439 1.211

LPS/ ThO, in CaCl, pH7 y=0.567x+0.205 | In(Q.) In(Ce) +0.205 0.567 0.039 1.764

LPS/ ThO, in water pH10 y=1.089x-2.523 -2.523 1.089 1.227 0.918
LPS/ ThO, in NaCl pH3 y=0.565x-0.613 -0.613 0.565 0.045 1.770
LPS/ ThO, in water pH3 y=0.722x-0.822 -0.822 0.722 0.080 1.385
LPS/ ThO, in CaCl, pH3 y=0.978x-2.462 -2.462 0.978 0.451 1.023

Where C.=LPS concentration at equilibrium (mg L™), Q.=equilibrium adsorption capacity (mg g%), K=
Freundlich constant (L/g), n: = heterogeneity factor of adsorption sites.
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The standard free energy change of adsorption (4G) can be correlated with each
equilibrium concentration, C., as explained previously (sub-section 2.3.3.2.1). The standard free

energy change of adsorption can be found at table 2.11.

Table 2.11. AG calculations for LPS adsorption to thoria

ID Kt K. AG (kd/mol)
LPS/ ThO, in NaCl pH10 0.304 304 -14.031
LPS/ ThO, in NaCl pH7 0.542 542 -15.447
LPS/ ThO, in water pH7 0.085 85 -10.909
LPS/ ThO, in CaCl, pH10 0.439 439 -14.934
LPS/ ThO, in CaCl, pH7 0.039 39 -8.994
LPS/ ThO, in water pH10 1.227 1127 -17.454
LPS/ ThO, in NaCl pH3 0.045 45 -9.356
LPS/ ThO, in water pH3 0.080 80 -10.761
LPS/ ThO, in CaCl, pH3 0.451 451 -14.998

The negative AG values indicate a spontaneous reaction between thoria and LPS. It is
observed that the energy values obtained for the adsorption are very close numerically, ranging
from ~-8 kJ mol™ to ~-17 kJ mol™ for all the systems tested. These values are in the range of
physisorption (-40 to 0 kJ mol™) which was further examined with the ne values obtained from the

Freundlich equation.

Freundlich's parameter ng is often used as an indication of the 'intensity' of the adsorption.
A value of ng less than 1 indicates a chemisorption, n=1 shows a linear adsorption and ng> 1 has
been related to physical processes (Bhatt et al., 2012). The resulting values of ng for this study
were interesting, ranging from 0.9 to 1.7 which suggests a different adsorption process for each pH
condition or electrolyte used. Chemisorption is involved in the cases were new chemical bonds are

formed while physisorption involves intermolecular forces such as Van der Waals. No absolute
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distinction can be made between the two and processes involving strong hydrogen bonding are
considered as 'intermediate’ cases (Bhatt et al., 2012). This suggests that a range of processes occur
which involves a synergistic interaction of both physical and chemical interactions to favor the
binding of LPS to thoria. It is also hypothesised that the above results are related to thoria
hydroxides that are present on the thoria surface under varying pH conditions and hence, the

adhesion of LPS in some cases was controlled by the hydroxides (Vandenborre et al., 2010).

2.3.5.3 Kinetics

The Purpald assay was used to quantify LPS at different times and constant concentration,
in order to access the kinetics of the interaction. The different Kinetics of each reaction according
to the corresponding pH conditions are shown in figure 2.32. The results were very similar for all

samples tested hence, only three samples are shown for clarity. The rest of the results can be found

in appendix 9.
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Figure 2.32.Kinetics of LPS- thoria interactions at pH3.

From figure 2.32, it can be observed that all three electrolytes successfully mediated the

interaction between thoria and LPS with a plateau reached after a ~175 min interaction.
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Kinetic data was analysed using pseudo-first order and pseudo-second order models. A
linear fit (R>>0.99) was obtained for a pseudo-second order reaction as previously described (sub-
section 2.3.3.3). A plot of Time/Q; Vs Time was used for evaluation of the rate constant of the
interaction as shown in figure 2.33 and table 2.12. The results were very similar for all cases of
LPS-ThO, complexes hence, only some characteristic examples are shown for clarity. The rest of

the results can be found in appendix 10.
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Figure 2.33.Pseudo-second order fitting of LPS- thoria interactions at pH7.

Table 2.12. Results of kinetic analysis of LPS adsorption to thoria

ID . _ Intercept Slope Qe =1/m K=1/(CQ.)
Equation y=Mx+C C=1/kQ.2 M=1/Q, 1 s o

mg g 107 g mg “min
LPS/ ThO, NaCl pH10 Y=0.032x+0.975 0.975 0.032 30.767 1.083
LPS/ ThO, CaCl, pH10 Y=0.035x+0.755 0.755 0.035 28.701 1.608
LPS/ ThO, water pH10 Y=0.035x+0.820 0.820 0.035 28.890 1.462
LPS// ThO, NaCl pH3 Y=0.042x+0.839 0.839 0.042 23.930 2.082
LPS/ ThO, water pH3 Y=0.039x+1.004 1.004 0.039 25.633 1.515
LPS/ ThO, NaCl pH7 Y=0.030x+3.563 3.563 0.030 33.312 0.253
LPS/ ThO, CaCl, pH7 Y=0.031x+2.134 2.134 0.031 32.424 0.446
LPS/ ThO, water pH7 Y=0.031x+1.820 1.820 0.031 32.212 0.529
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The theoretical values of Q. were slightly higher than the experimentally obtained values
and range from 23 to 33 mg of LPS adsorbed per gram of mineral with LPS, approximately 5 mg g’
! higher than expected. This might be arising from systematic errors done during the experimental
procedures or due to incomplete construction of the kinetics profile. Nevertheless, the sorption
profiles obtained for the LPS interactions with thoria suggested a strong sorption interaction under
neutral conditions in the presence of calcium ions and a strong sorption interaction under acidic
and basic conditions without the need of any charged ions (represented by water as the electrolyte).
This is in contrast with the sorption profiles obtained for the ceria and europium oxide systems
where calcium resulted in the highest adsorbed mass of LPS under basic conditions while under
acidic conditions, all three minerals showed successful sorption profiles (highest adsorbed mass of
LPS) when water was used as the electrolyte. A comparison of the results obtained for the three

surfaces is discussed in section 2.3.7.

2.3.6 Adsorption of LPS onto urania

2.3.6.1 Quantification of LPS- Calibration curve

Experimental LPS uptake kinetics onto urania were calculated using the Purpald assay
(sub-section 2.2.4.2) for quantification of LPS before and after the interaction. The same
calibration curve constructed for the quantification of LPS described in sub-section2.3.2.2 was

used.
2.3.6.2 Experimental Isotherms for sorption of LPS onto urania

The Purpald Assay was used to quantify LPS before and after its interaction with the
urania surface. Urania is the most commonly used nuclear fission reactant. In addition,[UO,]**
biosorption by Mycobacterium smegmatis and other microorganisms has been previously reported

(Andres et al., 1993).
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Urania (UQ,) is a cubic oxide very similar to thoria (Sanjay-Kumar et al., 2016). The point
of zero charge (p,c) of urania is pH=4.8 (Carlton and Laxen, 1966). The pH at point of zero charge
suggests that the mineral exhibits a positive charge below pH 4.8 and a negative charge above pH
4.8. By examining systems of pH3, pH7 and pH10 all different situations with urania being

negatively charged, positively charged and close-to-neutral are accessed.

The LPS concentration used for all the cases was higher than the CMC; this was intended
to represent the cell-bound form of LPS with the assumption that only the O-antigen region of the
molecule is exposed for interaction with the minerals (more information in sub-section 2.1.1.1).
The isotherm constructed for the urania-LPS interaction at pH3 is shown at figure 2.34. The mass

adsorbed is given in mg g*(Q.).
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Figure 2.34-2.36.1sotherm of LPS- urania interactions at pH3(fig. 2.34-left), pH7 (fig. 2.35-right) and

pH10 (fig. 2.36-middle).
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Figure 2.34 summarises the results for the adsorption of LPS onto urania under acidic
conditions (pH=3). In this case, water was the electrolyte with the highest maximum mass of LPS
adsorbed. According to the zero point of charge of urania, at pH3 the surface of urania is positively
charged and the surface of LPS is neutral to slightly- negatively charged which suggests that
sorption would occur spontaneously due to the attraction of opposite charges, with no need for
bridging ions (i.e. Ca®* ions) to mediate the adhesion process. The observed results suggest that in
highly acidic environments, inclusion of ions is not necessary for a sorption process to take place
and LPS cannot adsorb onto urania with the same efficiency as it does at highly alkaline

environments.

In the case of experiments conducted at pH7 where the surface is negatively charged
(figure 2.35), a different behavior than the pH3 adhesion profile was observed. The results for the
inclusion of NaCl in the system suggest a lower adhesion of LPS on the surface with Ca?* giving
the highest adsorption at the maximum concentration. Solvated LPS and LPS in the presence of
Na® showed very similar results which comes in agreement with the results obtained for the

adsorption of LPS onto ceria and europium oxide.

In the case of experiments conducted at pH10 (figure 2.36), it was observed that LPS in
water, in NaCl and in CaCl, behave similarly with all cases showing a positive adsorption of LPS
onto urania. This is in contrast with the results obtained for LPS adsorption onto ceria and
europium oxide where a different adsorption profile was observed for the CaCl, case. However, the
results agree well with the sorption profiles obtained for LPS adsorption onto thoria. The high pH
conditions here represented a negatively charged surface approached by a partly negatively
charged molecule. The sorption profiles obtained for LPS interactions with urania were slightly
different from the ones obtained for ceria and europium oxide but agreed well with the results
obtained for thoria-LPS interactions. The difference arises mainly because of the difference in

surface charge coming from the different point of zero charge of the minerals.
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The interaction between LPS and urania was mediated with and without the presence of
ions in solution even though a slightly higher mass of LPS per gram of urania was obtained for the
case of water under acidic conditions. This suggests a strong attraction of the molecule by the
surface independent of the ionic strength of the media. No preference on counter ions was
observed under basic conditions, in contrast with the adsorption profiles of LPS onto ceria or
europium oxide where divalent ions (calcium) were preferred. However, calcium was the counter
ion that resulted in the highest LPS sorption onto urania under neutral conditions which comes in

agreement with the case of LPS sorption onto thoria.

2.3.6.2.1 Equilibrium Modelling of LPS sorption onto Urania

In order to describe the sorption process, the Langmuir and the Freundlich isotherm
models were used. The Freundlich model, explained in sub-section2.2.4.1 provided the highest R?
scores (R?>0.95) and hence the K¢ and the ng values were calculated using the equation found in
table 2.13 Characteristic examples of the fitting are found in figure 2.37. The rest of the data can be
found in appendix 11. A summary of the resulting equations and the associated constants can be

found at table 2.13.

Freundlich LPS-Urania pH10

B | PS-Urania in
CaCly

4 ~ # LPS-Urania in
water

Ln(Q

LPS-Urania in
NacCl

Ln(C)

Figure 2.37. Example fitting on the Freundlich model for the adsorption of LPS onto Urania
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Table 2.13. Freundlich model-Results of LPS adsorption on urania

ID Equation Y X Intercept Slope Ke ne

i 1 = 1 c 1

Freundlich Model In(Qy) = In(Kg) + (_) In(Cy) c=InKg m= e 1

Ng ng m
LPS/UQ,in NaCl pH10 Y=0.880x-0.968 -0.968 0.880 0.380 | 1.136
LPS/ UO, in NaCl pH7 Y=0.528x+0.953 +0.953 0.528 2593 | 1.894
LPS/ UO, in water pH7 Y=1.169x-3.266 -3.266 1.169 0.038 | 0.855
LPS/ UO; in CaCl, pH10 Y=1.037x-1.971 -1.971 1.037 0.139 | 0.964

LPS/ UO, in CaCl, pH7 Y=1.132x-2.692 | In(Q.) @ In(C,) -2.692 1.132 0.068 | 0.883

LPS/ UO, in water pH10 y=1.132x-2.609 -2.609 1.132 0.074 | 0.883
LPS/ UO, in NaCl pH3 Y=0.533x+0.892 +0.892 0.533 2440 | 1.876
LPS/ UO, in water pH3 Y=0.973x-1.812 -1.812 0.973 0.163 | 1.028
LPS/ UO, in CaCl, pH3 Y=0.857x-1.283 -1.283 0.857 0.277 | 1.167

Where C.=LPS concentration at equilibrium (mg L™), Q.=equilibrium adsorption capacity (mg g%), Kg=
Freundlich constant (L/g), ng = heterogeneity factor of adsorption sites.

The standard free energy change of adsorption (4G) can be correlated with each
equilibrium concentration, C, as explained previously (sub-section 2.3.3.2.1). The standard free

energy change of adsorption can be found at table 2.14.
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Table 2.14. AG calculations for LPS adsorption to urania

ID K¢ K, AG (kJ/mol)
LPS/ UO,in NaCl pH10 0.380 380 -8.295
LPS/ UO, in NaCl pH7 2.593 2593 -13.639
LPS/ UO, in water pH7 0.038 38 -3.286
LPS/ UO, in CaCl, pH10 0.139 139 -6.464
LPS/ UO, in CaCl, pH7 0.068 68 -4.695
LPS/ UO, in water pH10 0.074 74 -4.898
LPS/ UO, in NaCl pH3 2.440 2440 -13.489
LPS/ UO; in water pH3 0.163 163 -6.854
LPS/ UQ, in CaCl, pH3 0.277 277 -8.152

The negative AG values indicate a spontaneous reaction between urania and LPS. It is
observed that the energy values obtained for the adsorption are very close numerically, ranging
from ~-3 kJ mol™ to ~13 kJ mol™ with negative values obtained for all conditions. The negative
AG values are in the range of physisorption (-40 to 0 kJ mol™) similarly with the results obtained

for the sorption of LPS to ceria.

Freundlich's parameter ng is often used as an indication of the 'intensity' of the adsorption.
A value of ng less than 1 indicates a chemisorption, n=1 shows a linear adsorption and ng> 1 has
been related to physical processes (Bhatt et al., 2012). The resulting values of ng for this study
were interesting, ranging from 0.8 to 1.8 which suggests a different adsorption process for each pH
condition or electrolyte used. Chemisorption is involved in the cases were new chemical bonds are
formed while physisorption involves intermolecular forces such as Van der Waals. No absolute
distinction can be made between the two and processes involving strong hydrogen bonding are
considered as 'intermediate’ cases (Bhatt et al., 2012). This suggests that a range of processes occur
which involves a synergistic interaction of both physical and chemical interactions to favor the
binding of LPS to urania. Previous work on the behavior of urania under aqueous solutions

suggested that ‘UO, will always react with water at room temperature and atmospheric pressure,
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leading to water dissociation’(Ulrich et al., 2009). This suggests that water molecules near and on
the surface of the mineral play a role in the adsorption processes that can take place when a
biological molecule is approaching the surface. The results agree well with the sorption of LPS on

Thoria as similar AG and ng values were obtained.

2.3.6.3 Kinetics

The Purpald assay was used to quantify LPS at different times and constant concentration
of LPS, in order to assess the kinetics of the interaction. The different kinetics of each reaction
according to the corresponding pH conditions are shown in figure 2.38. The mass adsorbed is
shown with the value Q (mg g*) The results were very similar for all samples tested hence, only

three samples are shown for clarity. The rest of the results can be found in appendix 12.

LPS-Urania interactions
pH 10

s f ?
o WL PS-Urania

in CaClp

65 # LPS-Urania
; in NaCl

60
55

LPS-Urania
50 % in water

Mass LPS Adsorbed Q (mg/g)

0 20 40 60 80 100 120 140 160

Time (min)

Figure 2.38.Kinetics of LPS- urania interactions.

From figure 2.38 it can be observed that all three electrolytes successfully mediated the
interaction between urania and LPS with a plateau reached after a 120 min interaction. Kinetic
data was analysed using pseudo first and pseudo-second order models. A linear fit (R*>0.99) was
obtained for a pseudo-second order reaction as previously described (sub-section 2.3.3.3). A plot of

Time/Q, Vs Time was used for evaluation of the rate constant of the interaction as shown in figure
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2.39 and table 2.15. The results were very similar for all cases of LPS-UO,complexes hence, only

some characteristic examples are shown for clarity. The rest of the results can be found in appendix

Pseudo Second Kinetics Analysis
pH 10
2
kB A
16 =
14 . 4 W LPS-Urania in CaCly
2 12 =
E = # LPS-Urania in NaCl
S i =
- _ g LPS-Urania in water
o 08 i/
= 06 >
04 /"
7
F
02 ¥V
0
0 20 40 60 80 100 120 140 160
Time (min)

Figure 2.39.Pseudo-second order fitting of LPS- urania interactions.

Table 2.15. Results of kinetic analysis of LPS adsorption to urania

ID . Intercept Slope Qe =1/m K=1/(CQ-)
Equation y=Mx+C C=1kQ2  M=1/Q, 1 s W
mg g 107 g mg “min
LPS/ UO, NaCl pH10 Y=0.011x+0.107 0.107 0.011 90.909 0.001
LPS/ UO, CaCl, pH10 Y=0.011x+0.090 0.090 0.011 90.909 0.001
LPS/ UO, water pH10 Y=0.011x+0.095 0.095 0.011 90.909 0.001
LPS/ UO, NaCl pH3 Y=0.009x+0.307 0.307 0.009 111111 0
LPS/ UO, water pH3 Y=0.010x+0.361 0.361 0.010 100 0
LPS/ UO, CaCl, pH3 Y=0.015x+0.151 0.151 0.015 66.667 0.001
LPS/ UO, NaCl pH7 Y=0.009x+0.334 0.334 0.009 111.111 0
LPS/ UO, CaCl, pH7 Y=0.011x+0.201 0.201 0.011 90.909 0.001
LPS/ UO, water pH7 Y=0.015x+0.079 0.079 0.015 66.667 0.003

The theoretical values of Q. agree well with the experimentally obtained values and range
from 66 to 111 mg of LPS adsorbed per gram of mineral. The sorption profiles obtained for the

LPS interactions with urania suggested a strong sorption interaction under neutral conditions in the

Page | 109



presence of calcium ions and a strong sorption interaction under acidic conditions in the presence

of Na*and H".

2.3.7 Comparison of LPS sorption profiles

According to the point of zero charge of each surface (figure 2.40), all four surfaces were

negatively charged under basic conditions (pH10) while LPS was also negative.

Surface Charge and Point of Zero Charge
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Figure 2.40. Surface charge and point of zero charge of all minerals tested

In the case where Ca?*ions were tested for their ability to mediate the sorption of LPS onto
the different surfaces under acidic conditions (figure 2.41), the systems were mainly mediated by
non-ionic media (water) with the exception of ceria that showed a preference in sodium ions (even
though the inclusion of sodium and water resulted in very similar sorption profiles). In acidic
environments the availability of calcium ions in solution is enhanced due to the mobility of the
ions that increases with increased availability of H*. This promotes intermolecular interactions
within the LPS molecules which result in inability of specific sites of the molecule to interact with
the approaching minerals. It has been previously suggested that ions promote intermolecular

interactions by the 'bridging' phenomenon where the cation acts as the middle charged species that
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connects two similarly charged functional groups (Parikh and Chorover, 2007). It is hypothesised
that due to the high availability of divalent ions that can act as the bridging agents for
intermolecular binding within the LPS, the sorption onto minerals decreases with decreasing pH
(and hence increasing mobility of the ions). However, the results for adsorption under basic
conditions suggest that divalent ions are able to mediate the sorption process under basic
conditions. All four systems with a negatively charged LPS molecule approaching a negatively
charged surface resulted in a strongly adsorbed molecule when calcium ions were present in
solution suggesting that charged ions are necessary for a stronger interaction (figure 2.42). The
speciation of Ca*" in solution under basic conditions suggests a limited availability of the ions due
to limited mobility under such conditions where OH" are present. The ion availability under such
conditions is controlled by the concentration of OH™ that leads to the formation of Ca(OH),
according to equations (2.13) and (2.14). Ca(OH), stays partly dissolved in the aqueous solution
which suggests a limited availability of the divalent cations while a vast majority of the previously

mobile cations is removed by OH".
CaCl, + 2H,0 — (dissolution) — Ca®* + 2CI" +H;0" +OH" equation  (2.13)
Ca”* + 20H — (pH 10) — Ca(OH), equation  (2.14)

The above observation suggests that the ions are useful for the interactions but
intermolecular binding has a kinetic advantage when in acidic conditions. The fact that water
showed higher sorption of LPS onto europium oxide, urania and thoria under acidic conditions
supports the above statement as the absence of ions promoted the sorption process and limited
intermolecular bonding due to ions. Furthermore, the presence of sodium ions in solution with LPS
was previously found to result in similar conformations to that of solvated LPS. This suggests that
sodium does not promote intermolecular binding in the same extent calcium does which explains
why sodium resulted in the highest mass of LPS on ceria under acidic conditions. This is in
agreement with previous studies that supported a similar behavior of LPS when in sodium

containing solutions and water (Parikh and Chorover, 2008).
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Figure 2.41. LPS sorption onto minerals under acidic conditions
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Figure 2.42. LPS sorption onto minerals under basic conditions
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2.4 Conclusions

The observed ability of bacteria to interact with nuclear-related surfaces via different
mechanisms suggests that bacteria could be used for processing and possible recovery of such
matter. Here the interaction of bacterial components hypothesised to play a role in such
interactions with four different nuclear-related oxides: ceria, thoria, europium oxide and urania, is
considered. This work has been the first to examine the interaction of LPS as a unity with the
mentioned surfaces and a review of the current literature suggests that there hasn't been any other

published work similar to the one presented here.

Tests on europium oxide, ceria, urania and thoria confirmed that lipopolysaccharide, found
on the outer site of Gram negative bacterial cells, follows a clear sorption mechanism in order to
interact with all four surfaces under varying conditions. The Purpald assay confirmed the
attachment of the biopolymers to the oxide surfaces and ATR-FTIR results showed specific

involvement of C-O and PO, groups.

Lipopolysaccharides are not only found as components of live bacteria but they are also
freely available in natural systems because of cell lysis and turnover. Hence, the results of LPS
sorption onto minerals especially at the mineral/water interface with or without counter ions (such
as calcium and sodium which are widely available in the environment) are very important not only

for bacterial applications as a whole but also for LPS as a separate component.

LPS was found to behave similarly for all four surfaces (ceria, thoria, urania and europium
oxide) mainly under basic conditions where the availability of cations is limited by the increased
availability of OH". Under acidic conditions, sorption of LPS onto ceria was proved quite complex.
Even though experiments using thoria and europium oxide as the adsorbates showed better
sorption capacities under acidic conditions compared to those resulting from ceria and urania, a
general conclusion involved intermolecular binding induced by the increased mobility of cations in

solution. This resulted in limited sorption of the biomolecule onto the surfaces. Sodium containing
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samples were found to behave similarly to the non-ionic samples (samples containing only water)
which supports previously published work that involved sorption profiles of LPS onto varying
other surfaces (Parikh and Chorover, 2008). In general, water was found to mediate sorption better
under acidic conditions while calcium chloride was found to mediate sorption better under basic
conditions. This suggests that intermolecular binding due to enhanced availability of cations has a
kinetic advantage over sorption to external minerals. Nevertheless, calcium was found to mediate
the interaction under basic conditions which suggests that even though high concentrations of the
cation (under acidic conditions) prevent sorption from happening, controlled concentrations of the
ion (under basic conditions) can mediate the interaction more successfully than sodium ions or no

ions.
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3.1 Introduction

The findings of sorption of mycolic acid (MCA) to nuclear related materials are presented
here. MCA was previously found to play a role in bacterial interactions with surfaces. More
specifically, minerals synthesised during biomineralisation were found to stay located close to

MCA (Lloyd et al., 2002; Burgos et al., 2008).

MCA is almost exclusively found in a distinct group of Gram positive bacteria that
includes the genus of Mycobacteria, Nocardia, Rhodococci and Corynebacteria, known as the
Mycolates. Since it is not found in other bacteria, MCA is an ideal candidate for the identification
of any differences in the adsorption mechanisms used by the different types of microbes. In
addition, the main reason to use MCA was that it is a simple molecule that contains one end
carboxylic acid group, often responsible for the interactions of the molecule with its surroundings

(Zhang et al., 2010). These characteristics make it an ideal molecule to (a) use in a comparative
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study between laboratory and computational experiments and (b) provide insight on the behavior

of acid moieties from bacteria surfaces.

An example of MCA being the major component of the outer layer of the bacterial cell is
Rhodococcus where 40% of the cell wall consists of MCA molecules (Brennan and Nikaido,
1995). Due to the highly hydrophobic character of MCAs, Rodococci cells adapt an overall
hydrophobic behavior which results in unique abilities such as adhesion at the oil/water interface.
This hydrophobicity also allows the cells to approach and finally degrade a wide range of organic
compounds including monoaromatic and polyaromatic hydrocarbons, an ability of great use in
bioremediation processes (Das and Chandran, 2011). Another example of MCA containing-species
is Mycobacterium tuberculosis. It is known as a pathogenic bacterium that was related to infectious
diseases and is a highly antibiotic resistant strain. MCA was found to compose ~40% of the dry
weight of the bacterium and was associated with the resistance the bacterium shows to antibiotics

(Hong and Hopfinger, 2004).

MCA was firstly identified as a high-molecular weight hydroxy acid of the human
Tubercle bacillus by Anderson in 1938 (Stodona et al. 1938; Anderson, 1939; Anderson, 1941;
Anderson, 1943). Due to the limited structural information available at the time, the molecule was
thought of as a single component of the bacterium; it was later found that there are approximately
500 chemically-related structures, identified within the different bacterial cell walls. The first
extensive review on the structural and physiological characteristics of the molecule came around in

1982 by Minnikin (Minnikin, 1982).

MCAs come in various forms. Each form contains a basic B-hydroxy-a-alkyl branched
structure and carbon chains of different lengths and different functional groups according to which
of the various forms are distinguished. The three major MCAs known are: (a) alpha mycolates, (b)

methoxy-mycolates and (c) keto-mycolates (shown in figure 3.1).
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Different mycolic-containing species can be characterised according to the number of
carbon atoms present in the molecule. This difference is usually assayed by reverse-phase HPLC

and an example of the difference in the identified number of carbons is shown in table 3.1.

Figure 3.1. The three major forms of MCA

Table 3.1. Variation in size of MCA. Adapted from Barry et al., 1998

Genus Total No. of Number of double A-branch
Carbons bonds

Gordona 18-66 1-4
Mycobacteria 60-90 2

Rodococcus 34-48 0-4
Nocardia 44-60 0-3
Tsukamurella 64-78 1-6
Corynebacteria 22-36 0-2

3.1.1 Adsorption of MCA onto surfaces

A recent experimental study on the adhesive and conformational behavior of MCA
involving both hydrophobic and hydrophilic surfaces was conducted by Zhang et al. in 2010. The

results indicated that the behavior of the molecule, not only depends on the polarity of the
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approaching surfaces but also possess a strong relationship with the pH conditions of the
surroundings. The adhesion capability of MCA was found to be controlled by the molecule’s
conformation at varying pH conditions with suggests that an interaction may or may not occur
depending on the presence or absence of protons in solution. Water molecules were found to play a
vital role in the adhesion mechanism and also the conformation adapted by the molecule which
suggests that special attention should be given to the quantity of water in solution (Zhang et al.,
2010).Another study examining macromolecule adhesion onto surfaces involved polyacrylic acid,
a polymer that contains carboxylic acid functional groups similar to that of MCA. This study
included both experimental and computational results and showed a dependence of the adhesion
process on the pH conditions introduced. The conformation of the molecule was once again found
to play a key role in the interaction. The presence of counter ions was underlined and a point was
made for the importance of flexibility of the macromolecules in the binding with surfaces (Sparks

etal., 2015).

Even though extensive research was carried out in order to evaluate the interactions of
other biomolecules with surfaces, there is only a limited number of published works related to the
sorption of MCA.. A possible explanation relates to the hydrophobic character of the molecule that
does not allow for any aqueous systems to be involved in the experiments. Hence, a more complex
situation arises and different than the traditional techniques for evaluation of such processes are

needed.

3.1.2 Extraction and Purification Techniques for MCA

MCAs are found strongly bound to the cell wall or loosely-associated with the cell bound
matrix (Barry et al., 1998). The non-covalently bound MCAs can be easily extracted with a
mixture of organic solvent and methanol while the bound molecules can be removed when the cells

are treated under alkaline conditions. Purification can be accessed by Thin Layer Chromatography
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(TLC) and characterization of the different forms of MCA can be accessed by Infrared
Spectroscopy (IR), proton and carbon Nuclear Magnetic Resonance (NMR), various
chromatographic techniques including High Performance Liquid Chromatography (HPLC) and
Liquid Chromatography (LC) and also Mass Spectrometry. An example of purified MCAs from
Mycobacterium tuberculosis is shown in figure 3.2 where the three spots represent the three forms
of MCA according to increasing polarity (mycolates (a), methoxy-mycolates (M) and keto-

mycolates (K)).

Table 3.2. MS — Characterization of the MCAs. Adapted

/
,_/—/k/ (\/ ku from Cantrell et al., 2012

Mycolic = Theoretical Theoretical Theoretical
Acid (a)* (b)* (c)*
Alpha 1136.1669 395.4 367.3
Keto 1264.2870 395.4
Methoxy 1252.2870 395.4 367.3
0 |
i}/ | Il { *Theoretical m/z from known elemental compositions
H, I
L Hy > v i ! ‘
5 S U LI

Figure 3.2.Basic characteristics of MCAs from Mycobacterium tuberculosis. (A) TLC purification —
separation based on polarity (top to bottom). (B) Reverse-phase HPLC analysis of purified a
mycolates. (C) Mass Spectrum of a mycolates shown in B. (D) Proton NMR from B. (Barry et al., 1998)

Table 3.2 and figure 3.2 summarise the theoretical peaks observed when MCA is analysed
with mass spectrometry (MS). The actual MCA fragments separated during MS analysis are shown

in figure 3.3.
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Figure 3.3. Theoretical peaks of MCA produced ions when analysed with mass spectrometry (Cantrell
et al., 2012). MS analysis of the alpha (m/z 1136.17; top) and methoxy (m/z 1252.29; bottom) MCAs; in
each case meromycolate chain (grey portion) is lost as a neutral fragment and charge is retained on the

alpha chain.
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3.1.3 Objectives

The aim of this work was to examine the interaction of MCA with nuclear related materials
at varying pH conditions and in the presence of different counter ions in order to examine whether
a universal rule can be drawn for the adhesion of carboxylic acid from bacterial origin onto
minerals. Non-radioactive surfaces were selected for this part of the project due to the limited
availability of analytical instrumentation that allowed the analysis of radioactive materials. The
surfaces chosen were: (a) ceria as the analogue of various nuclear-related minerals and (b)
europium oxide as a by-product of the uranium fission process. The interaction was tested using
experimental techniques (mass spectrometry and ATR-FTIR) and was further examined by

computational techniques discussed in chapter 5.

Page | 122



3.2 Materials and Methods
3.2.1 Chemicals

All chemicals were purchased from Sigma-Aldrich (UK) and were of analytical grade
unless stated otherwise. Double distilled water was used for all the experiments. All experiments
were conducted at least in triplicate and the values reported here are average values of at least 3

results. Variation in these results is given as standard deviation and standard error values.

3.2.2 Macromolecules

The only commercially available MCA came from Mycobacterium tuberculosis and the
alternative method would require the extraction of MCAs from bacterial cells. In order to simplify
the experimental procedures, mycolic acid (from Mycobacterium tuberculosis bovine strain), was
purchased from Sigma-Aldrich and used as received. Stock solutions of MCA dissolved in a

chloroform/methanol (9:1) solution in the presence of water, 0.01M NaCl or 0.01M CaCl, were
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prepared before any analysis. The pH was adjusted to 3, 7 or 10 with 0.01M HCI or 0.01M NaOH.
All stock solutions were vortexed, sonicated for 10 min, and stored overnight at 4 °C before re-

equilibration the following day at room temperature.

3.2.3 MCA solubility tests

MCA is not soluble in water and therefore solubility tests were conducted using MCA to
provide essential understanding of experimental conditions. Aliquots of ~0.5 mg of MCA were
transferred into 20 ml glass tubes. Addition of 100 uL volumes of the solvent (list shown in table
3.2) followed. The tubes were mixed well. When dissolution was not observed, up to 30 X

additions of the solvents were introduced.

3.2.4 Minerals

Two different minerals/solids were used in this study: europium oxide Eu,O; and ceria
CeO,. Both Eu,0; and CeO, were purchased from Sigma-Aldrich (UK). X-ray Diffraction (XRD)
analysis on the X'Pert® Powder by PANalytical on reflection mode for 15 minutes was used for
characterization of the materials which were compared to known PDF cards from the literature

(details in sub-section2.3.2.2).

3.2.5 Method for MCA-Mineral Interactions

A similar experiment to the one carried out for the LPS interactions (sub-section 2.2.4) was
designed to examine the adsorption of MCA on europium oxide and ceria at different pH and ionic

strength conditions including CaCl,, NaCl and H,O. Sample portions of 2+0.5 mg of ceria or

Page | 124



europium oxide were weighed and transferred in glass tubes with 150 uL of 0.01M NaCl, 0.01M
CaCl, or water. The pH of the individual samples was adjusted with 0.01M HCI or 0.01M NaOH
and the samples were left to equilibrate for 24 hours. After the 24-hour equilibration time, the
samples were tested to ensure the pH remained the same and 150 uL of 2mg/mL MCA dissolved in
a mixture of chloroform/methanol (9:1) were added to the tubes. The only difference with the LPS
experiments was that the MCAs were dissolved in a chloroform/methanol solution to increase the
MCA solubility in water and mimic the hydrophobic character exhibited by the MCA fractions

remaining inside the cell wall (exact mechanism is discussed in sub-section 3.3.5.3).

Kinetic analysis of the interaction of MCA with each surface was performed using the
method described in sub-section 2.2.4. Samples were taken at time t=10 min, 20 min, 40 min, 50
min, 60 min with constant concentration of adsorbent (MCA 2mg/mL) and adsorbate (mineral

2mg), constant pressure, temperature and pH.

A second experiment included the construction of experimental isotherms. Samples were
taken at constant time, pressure, temperature and pH and varying concentration of macromolecule
added to the system. The concentration of solutions of MCA used for the isotherms were 0.2 mg
ml™,0.4 mg ml™,0.8 mg mI*, 1 mg mI™* and 2 mg mI™. The amount of macromolecule adsorbed
was calculated by equation (3.1).

— (Co_ce)v
m

Q

equation (3.1

where Q = amount of MCA adsorbed on mineral (mg g*), C,= initial concentration of MCA in solution (mg L),
C.= final concentration of MCA in solution (mg L), m=mass of mineral used (g) and V= volume (L).

3.2.5.1 Isotherm Models

In order to describe the isotherms, Langmuir and Freundlich models were used. Details on
the assumptions and theory of the models can be found in sub-section 2.2.4.1. Table 3.3 shows the

equations as derived from the models.
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Table 3.3. Equilibrium Models

ID Equation (linear form) Y X Intercept | Slope
L . Ce 1 C.+ 1 Ce C 1 1
angmuir —=— — —
Qe Qm ¢ (Kl)Qm Qe ) (Qm)Kl Qm
. 1 1
Freundlich  In(Qe) =In(Kp) +—-In(Ce) Q) In(Co)  In(Ke) —
F F

Where C.=MCA concentration at equilibrium (mg L™), Q.=equilibrium adsorption capacity (mg g?), Kl=
Langmuir adsorption constant (L/mg), Qn=maximum adsorption capacity (mg g™), Ke= Freundlich constant

(L/g9), ng = heterogeneity factor of adsorption sites (Bhatt et al. 2012)

3.2.6 Mass Spectrometry for Quantification of MCAs

The main experimental technique used to quantify MCA before and after its interaction
with the surfaces was mass spectrometry. Known masses of MCAs were dissolved in 200 pL
chloroform/methanol (9:1) for the development of a calibration curve. The samples were analysed
on a Waters LCT spectrometer with Electro-Spray lonization and the mass spectral intensities of
the ions created from the MCA fragments were plotted against concentration according to the
method proposed by Cantrell et al. (Cantrell et al., 2012). An injection volume of 200 uL was used
for each sample with a flow rate of 20 uL per minute. Blanks of chloroform/methanol (9:1) were
run between samples to avoid cross-contamination and the injection needle was rinsed with the
same solvent after each run. The optimised ESI parameters were as follows: Temperature 220 °C,
gas flow rate 30% (nitrogen), and ESI voltage 2.3kV. Mass spectra were recorded over the range of
200 to 1600 m/z in the negative ion mode. The theoretical peaks suggested for ESI-MS are shown

in table 3.2.
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3.2.7 Attenuated Total Reflection-Fourier Transform
Infrared Spectroscopy (ATR-FTIR)

The functional groups of MCA were characterised using ATR-FTIR before and after the
interaction of the macromolecules with the mineral surfaces. Similarly to the adsorption
experiments, a portion of 2 + 0.5mg of minerals was transferred into 2.5 ml glass tubes. Aliquots
of 150 pL of 0.01M NaCl solution, 0.01M CaCl, solution or H,O were then added to the tubes and
the pH was adjusted to 3, 7 or 10 with 0.01M NaOH or 0.01M HCI. The contents of the tubes were
mixed and left on the shaker for 24 hours at room temperature to equilibrate. The pH was then
tested and 100pL of 1 mg ml™ macromolecules dissolved in a chloroform/methanol (9:1) solvent
was then added to the equilibrated suspensions. The tubes were left to interact for 45 minutes and
were then centrifuged at 5000rpm for 10 minutes. The supernatant was discarded and the sample
left was freeze dried for 24 hours. ATR-FTIR spectra were collected from 400-4000cm™, with a
resolution of 4 cm™. Background spectra of the different electrolytes, MCA stock and the mineral

surfaces with no macromolecules were also collected.
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3.3 Results and Discussion

3.3.1 MCA solubility tests and solvent choice

In order to examine the solubility of MCA and to identify a suitable media for the sorption
experiments, basic solubility tests were run. Several organic and aqueous solvents were tested.
Examples of the outcome are shown in table 3.4. Most of the organic solvents including THF,
chloroform and hexane successfully dissolved the molecule showing that the organic part of the
MCA is dominant and controls the molecule's dissolution (the theory behind 'like dissolves like")
while the aqueous solvents including methanol and water resulted in undissolved particles
(forming a suspension). These observations suggest that the molecule is mainly non-polar. In order
to achieve complete dissolution of the molecule, a small quantity of methanol (final rate
chloroform/methanol 9:1) was added to the chloroform and the new solvent was also tested.
Chloroform, chloroform/methanol and THF were found to be the best solvents (both showed a
maximum MCA solubility of ~50 mg/mL of solvent) and the chloroform/methanol mixture was
chosen as the most appropriate solvent for the experiments. The three main reasons for this choice
were: (a) THF could not be used for mass spectrometry analysis, (b) THF is miscible with water
and a solvent non-miscible with water was needed in order to mimic the natural environment

where the MCAs are held in a strongly hydrophobic environment and (c) The use of a
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chloroform/methanol mixture as the solvent ensured that the hydrophobic character of MCA was
supported (and hence chloroform helped to mimic the natural environment) but it would also
provide a miscible part (methanol) that would allow for the aqueous electrolytes and pH

adjustments.

Dissolution in a non-miscible solvent ensures that the molecule is surrounded by a
hydrophobic ‘capsule’ that protects it from any water molecules present in solution. The chloroform
also serves as the strong hydrophobic agent that would lead the MCA closer to the surface since its
density is higher than that of water. It was therefore hypothesised that chloroform would repel bulk
water while increasing the polarity of the molecule at the carboxylic acid end groups (please see

figure 3.19 for more details on this mechanism).

Table 3.4- MCA solubility tests

Solvent Min. Solubility Miscible with water? Toxic?
THF 50 mg/mL Yes Explosive
Methanol - - -
Chloroform 50 mg/mL No Yes
Chloroform/Methanol (9:1) 50 mg/mL No Yes
Hexane 10 mg/mL No No
Acetonitrile - - -

Dimethylformamide - - -

3.3.2 Characterization of Ceria and Europium Oxide

Europium oxide and ceria were characterised using the X'Pert® Powder by PANalytical as
previously described (sub-section2.3.2.2). Both the europium oxide and ceria samples resulted in

the expected peaks indicating that the surfaces used were of the purest forms with no other phases
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interfering in the interactions. The size of the particles was assessed using AFM and was found to

be 50-100 nm for europium oxide and <50 nm for ceria.

3.3.3 MCA quantification — Calibration

Mass spectrometry was used to quantify MCA in solution. The technigue is based on the
determination of the molecular weight of fractions of molecules once these are ionised. A
calibration curve of counts per minute for each peak observed per MCA fraction was constructed
in relation to the quantity of MCA used. The equations obtained for each MCA form are shown in

table 3.5 and a graphical representation of the calibration curves is shown in figure 3.4.

Table 3.5. Equations obtained for the
Calibration Curves of MCAs

Individual Equation R?
Peak

3954 m/z | y=61.958x - 5248.553 0.98

367.3 m/z y=8.220x - 682.866 0.98
1136.2 m/z y=8.214x - 845.731 0.95
1252.3 m/z y=5.439x - 565.641 0.95
1264.3 m/z y=1.656x - 137.040 0.98
Mycolic Acid
Calibration Curve
40000 W 395 miz
35000 —— Linear (395 m/z)
& 36Tm/z
@ 30000 Linear (367m/fz)
£ 25000 1136miz
E 20000 Linear (1136m/z)
; 15000 A 1252m/z
S 10000 Linear (1252miz)
S > 1264miz
5000

— Linear (1264m/z)

0 100 200 300 400 500 BOO 70O
MCA (mgiL)

Figure 3.4. Mass Spectrometry - calibration curve for quantification of MCA.
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The reason different calibration curves were obtained was that each part of the molecule
gave out different responses due to the mixture of molecular weight fractions that may be present.
The 395.4 m/z peak of the spectra was always the highest (showing that a higher amount of ions
with mass 395.4 was obtained) and it was more than 5 times the height of the rest of the peaks.
Examples of the spectra can be found in figure 3.5 where the 395.4 m/z peak is about 8 times the
size of the 367.3 m/z peak. All calibration curves are dominated by a largely linear portion, with
overall R? values close to 1 which suggested they could be used for quantification of MCA in
solution. The results were comparable to those from literature (table 3.6 shows the theoretical
peaks) and the peaks correspond to the different types of MCA (alpha-mycolic acid, keto-mycolic
acid and methoxy-mycolic acid) (Cantrell et al., 2012). The % error of the peaks obtained in order
to assess the instrument's accuracy compared to published work was also calculated as shown in
table 3.6. The low values of % error (ranging from ~0.0001 to 0.001%) indicated that our results

were very close to the results of Cantrell et al. (Cantrell et al., 2012).

Table 3.6. Mass spectrometry results for MCA quantification
compared to literature.

Observed—Theoretical "

The % error was calculated using: 100

Theoretical

MCA Form m/z m/z % Error
theoretical observed

Alpha 1136.1669 1136.1622 0.0004
Keto 1264.2870 1264.2794 0.0006
Methoxy 1252.2870 1252.2806 0.0005
neutral fragment - 367.35 367.4 0.0140
alpha

neutral fragment - 395.39 395.5 0.0278
methoxy
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% counts
methoxy
mycolic acid
(~100%)
=R
- TOF M5 E5-
100 k) 6.733
7 /,'—- —
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100 200 a0n 00 MO\ 1200 /10 WD 1800 1E0D
A4
o-mycolic acid
-5%)
11642075
1135, 1622 methoxy
o-mycolic acid mycolic acid
(~15%) (~4%)
12522006
367.4 keto
mycolic acid
1192.2163 (~2%)
1224 2157 1284 270
1178217 12081979
300 400 1140 11€0 1180 1200 1220 1240 1260
m'z

Figure3.5.Examples of Mass Spectrometry results for MCA identification and quantification. The
395.5 m/z peak is 8 times the size of the 367.4 m/z peak which is of similar size to the 1136.17, 1264.2
and 1252.2 m/z peaks.
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3.3.4 Adsorption of MCA onto Ceria

3.3.4.1 MCA interactions with ceria — Kinetics

The interaction of MCA with ceria was assessed using mass spectrometry. After an
equilibration time of 24 hours with small amounts of the surface in the different electrolytes, a
guantity of MCA dissolved in chloroform/methanol was added and aliquots were taken at different
times in order to evaluate the kinetics of the interaction. The experiments were run under acidic,
neutral and basic pH conditions and different counter ions (protons, sodium and calcium) were

included in order to examine if they play any role in the interaction.

MCA interactions with Ceria MCA interactions with Ceria
pH3 pH7
110 § 110 § f
g 4 § B MCA-Ceria S i B MGA-Ceria
E 105 ca2+ E 105 cat
o (=4
g J: # MCA-C
2 ® MCA-Ceria £ Ceria
g 100 % o 8 100 ¥ mc
3
2 % 3 L
g 95 MCA-Ceria g o MCA-Ceria
T +
2 ™ Na 8 t o
2 5 =
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
time (min) tme (min)
MCA interactions with Ceria
pH 10

_ 1o

= F'l L4 W MCA-Ceria

£ E Caz+

o 105

=

B # MCA-Ceria

5 10 Na+

2 'R

b T i

o 95 MCA-Ceria

= He

P ®

g

= 90

0 10 20 30 40 50 80 70
time (min)

Figure 3.6-3.8.Kinetics of adsorption of MCA-Ceria at pH3 (fig. 3.6-left), pH7 (fig. 3.7-right) and pH10

(fig. 3.8-middle).

Figure 3.6 summarises the obtained results for the Ceria-MCA systems under acidic
conditions (pH3). Very similar adsorption profiles were obtained for all systems and the highest
adsorption of MCA was observed after a 40-45 minutes’ interaction. Both the Na* and Ca?*-
containing electrolytes started the interaction with a lower mass of MCA adsorbed onto the surface

compared to that of the water-mediated interaction. This suggests that the interaction under acidic
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conditions is not mediated by ion-containing electrolytes. However, even if the proton mediated
interaction (represented by the water-based electrolyte) had a kinetic advantage over the ion-
containing interactions, the later eventually reached the water-based system and resulted in a
similar maximum adsorption capacity. Hence, all three systems showed successful sorption

profiles for the MCA-Ceria interaction under acidic conditions.

The point of zero charge of ceria surface ranges from 6.4 — 8.6 (Kosmulsko, 2002; Nolan
and Watson, 2006). This suggests that the mineral exhibits a positive charge below pH 6.4 and a
negative charge above pH 8.6. Thus, at pH3 the ceria surface is positively charged while the MCA
molecules are slightly positively charged. This is due to the carboxylic acid groups of the MCA
molecules where the oxygen of the C=0 groups react with protons and hence exhibit a slightly
positive charge (Zhang et al., 2010). This suggests that a spontaneous interaction between the two
positive components would not be explained using the charges. A hypothesis explaining the
behavior of the system under acidic conditions relates to the hydrophobic character of ceria (Azimi
et al., 2013). Due to this property, ceria is believed to avoid interactions with water molecules at
the liquid/solid interface. As a result, it is possible that the hydrophobic organic layer was attracted
by the ceria surface in an attempt to repel water molecules. Hence, the MCA macromolecules
could eventually adsorb onto the ceria surface. It has been previously shown that adhesion on
hydrophobic surfaces by bacterial cells including Rhodococcus and Mycobacteria is much better
than that on hydrophilic surfaces. In addition, the ability of bacteria to adsorb onto different
surfaces was directly related to the presence or absence of MCAs. In the presence of MCAs,
bacteria would adsorb strongly on hydrophobic surfaces (Bendingeret al., 1993). Our findings
agree with the work of Bendinger et al. but more details are needed in order for the clear
mechanism of adsorption to be revealed. Computational methods were therefore used to evaluate

the interaction of MCA and ceria and are presented in chapter 5.

Figure 3.7 summarises the results for adsorption of MCA onto ceria under neutral
conditions (pH7). Similarly to the acidic systems, a plateau was reached after a 40-45-minute

interaction. The results were similar to that of the acidic conditions. The water-based system
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showed the highest mass of MCA adsorbed at the early stages of the interaction suggesting that no
ions other than protons are needed to mediate the interaction at these conditions. Examining the
point of zero charge of the surface suggests that, under neutral conditions, the ceria surface was
slightly positive-close to neutral while the MCA molecules were negatively charged. A
spontaneous interaction was therefore possible. All three electrolytes successfully mediated the

interactions and resulted in similar maximum adsorption capacities during the 60-minute period.

In the case of MCA interaction with Ceria under basic conditions (pH10-figure 3.8), no
major differences were observed related to the inclusion or the absence of the different counter
ions. The MCA-Ceria with calcium chloride system seemed to have a more rapid response to the
adhesion process (hence, the highest adsorption of MCA onto ceria at time=10min). However, the
results of the water-mediated and the calcium-mediated adsorption processes at the early stages of
the experiments lay in the error bar range of one another which indicates that both processes
produced similar numerical results. The Na-mediated interaction showed the slowest response.
Nevertheless, all three systems eventually reached a very similar maximum capacity (thus, similar
maximum adsorbed mass). The adsorption of MCA onto ceria was found to reach a plateau after a
40-45 minutes’ interaction for all three electrolytes at basic conditions. The adsorption of MCA
onto ceria atpH10, represents the case where a negatively charged surface is being approached by a
negatively charged, highly hydrophobic macromolecule. The results suggest that the interaction
between the two is mediated by the positively charged calcium ions (Ca**) which act as 'bridges'

between the two negatively charged reaction components.

It has been previously suggested that at such high pH conditions, a hydration layer between
the MCA and the mineral may be observed (Zhang et al., 2010). This is due to the dissociation of
the carboxylic acids of the MCA macromolecules at such conditions that creates a repulsive force
between the negatively charged adsorbent and the negatively charged adsorbate. This force creates
a small gap between the two components which allows a number of water molecules to create a
hydration layer. The introduction of the chloroform/methanol solvent as the carrier of the MCA

molecules overcomes this problem. The use of an organic solvent results in removal of these bulk
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water molecules due to its density which is higher than that of water. Hence, the negatively
charged carboxylic acid groups can react with the negatively charged surface using an ion-
mediated mechanism with Ca?*, H" and Na' acting as the mediators in order of the speed of

reaction (with Ca** and H* being the quickest).

Ceria was found to strongly interact with MCA at all possible surface charges and pH
conditions when water was used as the electrolyte. Having the chloroform 'protecting’ and ‘driving'
the MCA molecules, allowed us to observe the interaction when bulk water molecules
(hypothetically acting as 'obstacles' for the interaction with the surfaces) were repelled. Due to the
high density of chloroform, it is hypothesised that the bulk water molecules would be removed
facilitating the interaction of the organic molecule with the surface. Here it should be noted that
computational studies have shown that water molecules actually prevent the sorption of carboxylic

acid groups onto ceria surfaces which is described in detail in chapter 5.

This system was a close approximation of the natural bacterial system where MCAs are
symmetrically arranged in parallel and covalently bound to arabinogalactan, peptidoglycan and a
layer of free lipids (Brennan and Nikaido, 1995). This project’s hypothesis is that the hydrophobic
character of MCAs is enhanced by this orderly arrangement which suggests that an increased
polarity is induced in the carboxylic acid end group of the molecule. It is believed that this
increased polarity results in an increased charge exhibited by the oxygens of the -COOH functional
groups which mediates interactions of the carboxylic acid groups with their surroundings. It is
therefore suggested that experiments should be carried out either with MCA molecules arranged in
a similar manner to that observed in bacterial cell walls or by using a hydrophobic media that
supports the hydrophobic nature of the molecules. To our knowledge, this is the first work to report

the adsorption of MCA onto ceria using this methodology.

Kinetic data was analysed using pseudo first order and pseudo-second order models. A

linear fit was obtained for a second order reaction using equation (3.2).
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dQ -
at k(Qe — Qv)° equation  (3.2)

where Q. and Q, =adsorption capacity at equilibrium and time t respectively (mg g™*), k= rate constant

of the pseudo second order adsorption (g mg™ min™).

The equations obtained along with the R? values are shown in table 3.7 for adsorption of

MCA on ceria.

Table 3.7. Results of kinetic analysis of MCA adsorption to ceria

ID
Intercept ~ Slope 2= /M K =1/(CQs’)

C=1/kQs M=1/Q, 1

mg g *10% g mg' min *

MCA-Ceria Equation y=Mx+C R’

In:
NaCl pH10 Y=0.0088x + 0.0212  0.998 0.0212 0.0088 | 113.636 3.653
CacCl, pH10 Y=0.0089x + 0.0166 = 0.997 | 0.0166 0.0089 | 112.359 4.772
water pH10 y=0.0088x + 0.0208 | 0.997 @ 0.0208 0.0088 | 113.636 3.670
NaCl pH3 Y=0.0088x + 0.0217  0.998 0.0217 0.0088 | 113.636 3.569
CaCl, pH3 Y=0.0088x + 0.0206 ~ 0.998 0.0206 0.0088 | 113.636 3.759
water pH3 Y=0.0089x + 0.0167 = 0.998 0.0167 0.0089 | 112.359 4.743
NaCl pH7 Y=0.0088x + 0.0244  0.997 0.0244 0.0088 | 113.636 3.174
CaCl, pH7 Y=0.0089x + 0.0206 = 0.998 | 0.0206 0.0089 | 112.359 3.845
water pH7 Y=0.0089x + 0.0172  0.998 @ 0.0172 0.0089 | 112.359 4.605

The high values of R? obtained for all systems tested suggested a very good fit on the
pseudo-second order model, examples of which can be found in appendix 14. In general, it was
observed that the calculated Q. values agreed well with the experimentally obtained values. A
small kinetic advantage of the calcium-mediated interaction was observed for the case of basic
conditions where the ceria surface is negatively charged and the MCA molecule is also negatively
charged. This was attributed to the fact that the positively charged calcium ions act as bridges and
mediate the interaction. On the opposite end, acidic and neutral experimental conditions resulted in

a slightly positive to neutral ceria surface and a positively charged carboxylic acid group on the
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MCA groups. In these cases, water-based experiments were found to mediate the interaction at the
fastest reaction rate and computational modelling techniques were used in order to observe the

interaction at the atomic level. Details on the actual work can be found in chapter 5.

3.3.4.2 Experimental Isotherms for sorption of MCA onto Ceria

In order to quantify the effect of MCA mass in solution during the sorption process,
different concentrations of MCA were introduced in the systems and samples were taken at a set
time. The Langmuir isotherm, the Freundlich isotherm and a combination of the two (known as the
‘Langmuir-Freundlich’ or the 'Sips' isotherm) were used for evaluation of the results. Tables 3.8
and 3.9 and figures 3.9 and 3.10 show examples of the fitting for Langmuir and Freundlich models
and explain why the two could not be used for the tested systems. A summary of the remaining

data can be found in appendix 15.

Table 3.8. Langmuir Isotherm for MCA adsorption

on ceria
Sample ID MCA in: Equation R’
pH7 CaCl, CeO, Y=0.014x + 0.293 0.90 Langmuir Isotherm MCA adsorption on ceria
pH7 water CeO, Y=0.003x + 0.862 0.24 :Zi +
3.51
pH3 water CeO, Y=0.006x +0.582  0.88 | g o -
D 251
6]
pH3 NaCl CeO, Y=0.011x + 0.352 0.87 igi =
101 5 x4 x*
pH3 CaCl, CeO, Y=0.012x + 0.349 0.87 051
0.01
pH7 NaCl CeO, Y=0.004x +0.841  0.50 S - 2o
HlO N CI C O Y O 004 O 784 0 57 + PH7 CaCl, Ce0p X PH3 CaClp CeOp =PH10 CaCly CeO,
p aCl CeO, =0.004x + 0. .
pH10 CaCl, CeO, Y=0.007x + 0.549 0.63
pH10 water CeO, Y=0.005x + 0.791 0.61

Figure 3.9. Example fitting (Langmuir) for adsorption of MCA onto ceria where C. is in mg/L and
Ce/Qcising/L
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Figure 3.9 shows a typical result from fitting the data on the Langmuir equation. The shape
of the curve shows a slight plateau at low concentrations followed by a rapid increase in capacity
of the sorbent that does not exhibit saturation at high concentrations. Since the model assumes
saturation at high concentration, the resulting curve does not fit the intended model. The
unsuccessful data fitting on the Langmuir isotherm model and the low R? values indicated that
additional models had to be evaluated. It also suggested that the MCA adsorption onto ceria
followed a complex sorption mechanism which cannot be explained by the mono-layer concept of

the Langmuir isotherm.

Table 3.9 shows the equations obtained after fitting the data to the Freundlich model. The
Freundlich model provided better results compared to Langmuir but the R? values were low for
some of the data considering the number of data points used. This suggested that in most cases and
specifically in the systems where NaCl and water were involved, the empirical form of Freundlich
was closer to describing the sorption mechanism compared to the mono-layer mechanism
suggested by the Langmuir isotherm. Examples of the fitting are shown in figure 3.10 and

appendix 16.

Table 3.9. Freundlich Isotherm for MCA

adsorption on ceria : o
Freundlich Isotherm MCA interactions with ceria
Sample ID MCA in: Equation R? 41 =
) 43 A X
pH7 CaCl, CeO, Y=0.509x+1.751 0.50 g .
37
pH3 CaCl, CeO; Y=0.592x+1.409 0.74 2
31
pH7 NaCl CeO2 Y=0.876x+0.415 0.96 2l % g
22 27 32 37 42 47 5.2
pH10 NaCl CeO, Y=0.844x+0.545 = 0.94 InCe)
PH7NaCICeO,  APHIONaCICeO;  XPH3NaClCeOy
pH10 CaCl, CeO, Y=0.797x+0.827 0.86
pH10 water CeO, Y=0.822x+0.571 0.93
oH3 NaCICeO Y=0 612x+1.459 0.85 Figure 3.10. Freundlich Isotherm Model for
2 =V, . .
PH3 water CeO, Y=0034x+0208  0g3  2dsorption of MCA onto ceria
PH7 water CeO; Y=0.665x+1.203 0.87
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In both cases, the Langmuir and Freundlich models did not result in good fitting of the data
indicated by the low R? values that were obtained. The Sips model was therefore used in order to
evaluate the behavior the Ceria-MCA system. The Sips isotherm is known as a combination of the
Langmuir and the Freundlich systems and it is used for complex interactions. The Sips linear

equation model is described by equation (3.4).

1

1 1 ( 1 )E N 1 fon(3.4)
— =% | equation(3.
Qe Qmasz Ce Qmax

where K (1/mg) and Qmax (Mg/g) are the Sips equilibrium and maximum adsorption capacity
constants, respectively. N is the dimensionless heterogeneity factor, where 0<n<1. When approaching a
low n value, the Sips isotherm reduces to Freundlich, while at high n values, it predicts the Langmuir

monolayer sorption characteristics

The Sips isotherm was tested for n=0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.Examples
of data fitting on the Sips isotherm at n=0.4 and n=0.5 are shown in tables 3.10 and 3.11. Figures
3.12 and 3.13 show examples of the fitting (a summary of all the samples can be found in appendix
17).

Table 3.10. Sips Isotherm for MCA adsorption on ceria (for n=0.4)
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Sample ID MCA in: Equation R?
pH7 CaCl, CeO, Y=78.565x+0.012 0.99
pH3 CaCl, CeO, Y=43.601x+0.013 0.99
PH7 NaCl CeO, Y=48.309x+0.012 0.99
pH10 NaCl CeO, Y=46.436x+0.012 0.99
pH7 water CeO, Y=55.897x+0.012 0.99
pH3 NaClCeO, Y=20.650x+0.013 0.99
pH10 CaCl, CeO, Y=51.076x+0.012 0.99
pH10 water CeO, Y=55.897x+0.012 0.99
pH3 water CeO, Y=17.935x+0.013 0.99



Table 3.11. Sips Isotherm for MCA adsorption on ceria (for n=0.5)

Sample ID MCA in:

pH7 CaCl, CeO,

pH3 water CeO,

pH3 CaCl, CeO,

pH7 NaCl CeO,

pH10 NaCl CeO,
pH10 CaCl, CeO,

pH7 water CeO,

pH3 NaClCeO,

pH10 water CeO,

Equation R?
Y=18.548x+0.011 0.98
Y=5.575x+0.012 0.99
Y=11.441x+0.012 0.99
Y=12.550x+0.011 0.99
Y=12.156x+0.011 0.99
Y=13.145x+0.011 0.99
Y=14.181x+0.011 1
Y=6.247x+0.012 0.99
Y=58.020x+0.012 1

Sips Isotherm MCA adsorption on ceria
n=0.4

0 0.0002 0.0004 0.0006

1Ce

0.0008 0.001

+ PH7 CaCl, Ce0)
PH7 NaCl CeOp
PH7 Water CeO)

— Linear (PH7 CaClp CeO3)
Linear (PH7 NaClCeOp)
Linear (PH7 Water CeO3)

Sips Isotherm MCA adsorption on ceria
n=0.5

1Qe

o 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045 0.005
1Ce

+ PH7CaClp CeO,

% PH3 CaCl, CeO,

= PH10CaClp CeO,

—— Linear (PH7 CaClp CeOy)
Linear (PH3 CaCly CeO5)
—— Linear (PH10 CaCl, CeOp)

Figures3.11-3.12. Sips Isotherm Model for adsorption of MCA onto ceria (fig. 3.11, n=0.4 - left and fig.

3.12, n=5 - right)

The highest R? values were obtained for n=0.4 and n=0.5. This suggests that the adsorption
of MCA onto Ceria follows a complex mechanism and no clear distinction between the two main

processes (monolayer or multi-site adsorption) can be made in order to describe how the molecule
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approaches the surface. Since both n=0.4 and n=0.5 resulted in high R? values (R?>0.99), all the

Sips constants were calculated according to both, as shown in tables 3.12 and 3.13.

Table 3.12. Sips isotherm fitting for n=0.4

ID Equation Intercept Slope Qmax K
Qie - Qm:xK ) (ci)— * Q;x
Sips Isothgrm for co b _ 1 Qo = Lok 1
MCAin: Qmax QmaxKs C m * Qax
()
pH7 CaCl, CeO, Y=78.565x+0.012 0.012 78.565 83.333 0.0001
pH3 CaCl, CeO, Y=43.601x+0.013 0.013 43.601 76.923 0.0003
PH7 NaCl CeO, Y=48.309x+0.012 0.012 48.309 83.333 0.0002
pH10 NaCl CeO, Y=46.436x+0.012 0.012 46.436 83.333 0.0003
pH7 waterCeO, Y=55.897x+0.012 0.012 55.897 83.333 0.0002
pH3 NaCl CeO, Y=20.650x+0.013 0.013 20.650 76.923 0.0006
pH10 CaCl, CeO, Y=51.076x+0.012 0.012 51.076 83.333 0.0002
pH10 water CeO, Y=55.897x+0.012 0.012 55.897 83.333 0.0002
pH3 water CeO, Y=17.935x+0.013 0.013 17.935 76.923 0.0007

The theoretical results obtained for the maximum Q values for all cases of Ceria-MCA
adsorption were lower than the experimental values. This is due to the complexity of the system
which has an effect on the resulting values. It is hypothesised that at different concentrations of
MCA, the system changes from Freundlich to Langmuir and hence, from monolayer to multi-site
interactions and it is not clear when that change occurs. Hence, the theoretical values of maximum

Q are describing the average value between the cases of monolayer and multi-site adsorption.
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Table 3.13. Sips model-Results of MCA adsorption on europium oxide and ceria (n=0.5)

ID Equation Intercept Slope Qmax K,
@ o @ o
Sips Isotherm 1 1 1 1
MCA in T " QK 7T S T W
e
pH7 CaCl, CeO, Y=18.548x+0.011 0.011 18.548 91.241 0.001
pH3 water CeO, Y=5.575x+0.012 0.012 5.575 80.775 0.002
pH3 CaCl, CeO, Y=11.441x+0.012 0.012 11.441 80.386 0.001
pH7 NaCl CeO, Y=12.550x+0.011 0.011 12.550 89.206 0.001
pH10 NaCl CeO, Y=12.156x+0.011 0.011 12.156 89.686 0.001
pH3 NaClCeO, Y=6.247x+0.013 0.013 6.246 80.128 0.002
pH10 CaCl, CeO, Y=13.145x+0.011 0.011 13.145 88.106 0.001
pH7 water CeO, Y=14.181x+0.011 0.011 14,181 92.764 0.001
pH10 water CeO, Y=58.020x+0.012 0.012 58.020 83.333 0.0002

Similar observations with the n=0.4 case were made for the n=0.5 system. The theoretical
values for maximum Q were lower than the experimentally obtained data due to them being
averages of the mass adsorbed when in monolayer and multi-site adsorption processes. In general,
it was observed that for all cases of varying n values, the process was favorable (higher R? values)
for low n values. Hence, the process seemed to be closer to a Freundlich isotherm model of a
multi-site adsorption process rather than the Langmuir model of monolayer adsorption. It is also
possible that different mechanisms are involved depending on the electrolyte and the ions present
in solution. The observation that the Freundlich isotherm could describe the systems that contained
water and sodium chloride better than the calcium chloride containing systems (concluded from the
higher R* values obtained when the Freundlich isotherm was tested for fitting) suggested that it
could be possible that the ions play a role in the sorption process. However, no distinction between

the NaCl/Water and CacCl, systems could be made when the Sips model was used.

Page | 143



The isotherm models used are based on the remaining mass of MCA in solution after
equilibration. Quantifying the mass in this fashion does not include possible intermolecular
interactions in solution before or during sorption to the surface. This may lead to a lower mass of
MCA in solution that may not necessarily reflect the mass of MCA on the surface. A possible
example would be a calcium mediated interaction between the C=0 group found in keto-mycolic
acids which could potentially interact with an OH group of another mycolic acid under specific pH
conditions (for example basic conditions where the oxygen of the OH group would exhibit a
negative charge and the oxygen of the C=0 group would use its free pair of electrons to promote

binding with Ca®* acting as the connector).

All these scenarios arising from the results suggest that the adsorption of MCA onto ceria
is a complex process. The existence of long carbon chains with a limited availability of secondary
functional groups could possibly allow for interactions between the MCA molecules. This
suggests that no clear distinction between the ceria-mediated removal of MCA from solution or
intermolecular MCA interactions in solution can be made using the constructed isotherm and a

different method is needed in order to further understand the mechanism of Ceria-MCA sorption.

The standard free energy change (4G) of adsorption can be correlated with the isotherm
constants as previously described (sub-section 2.3.3.2.1). In this case where the Sips isotherm was
used, no constant could be used directly from the model due to it being a combination of the
Langmuir and Freundlich isotherms. However, the value of n obtained from fitting the
experimental data on the Sips model that resulted in the highest R? values was closer to zero
(n=0.4). It was therefore suggested that the Freundlich constant K¢ should be used as the data
showed a tendency to follow the Freundlich model (when n is closer to zero the Sips model
changes to Freundlich and when n is closer to 1 the Sips model is following the Langmuir model).
Therefore, the Freundlich isotherm (equation (3.5)) was used to calculate the standard free energy

change of adsorption, 4G.

In(Q.) = In(K¢) + L. In(C,) equation  (3.5)
ng
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As previously described (sub-section 2.3.3.2.1), the Freundlich constant can be used after a
correction which is needed to ensure that the resulting value is dimensionless prior to any AG

calculations.

Table 3.14. AG calculations for MCA-ceria adsorption- Freundlich for Sips (n=0.4)

ID MCA in: K. Ky AG (kJ/mol)
pH7 CaCl, CeO, 1.751 1751 -16.981
pH3 CaCl, CeO, 1.459 1459 -16.566
PH7 NaCl CeO, 1.408 1408 -16.485
pH10 NaCl CeO, 0.571 571 -14.433
pH3 NaClCeO, 1.459 1459 -16.566
pH10 CaCl, CeO, 0.827 827 -15.275
pH10 water CeO, 0.545 545 -14.327
pH7 water CeO, 1.094 1094 -15.911
pH3 water CeO, 0.571 571 -14.433

The calculated standard free energy change gave negative values for all cases of basic,
acidic and neutral pH conditions ranging from -14 kJ/mol to -17 kJ/mol. This suggests that the
adsorption of MCA onto ceria is spontaneous at acidic and neutral pH conditions (thus, below the
point of zero charge of the ceria) as well as pH conditions above the point of zero charge of the
ceria surface. The results were very close numerically suggesting similar free energy changes for
most of the systems involving the adsorption of MCA onto ceria. No trend was observed involving
counter ions which is in contrast with previously published work on other organic macromolecule
adsorption onto surfaces (Freeman et al., 2009) and also the LPS adsorption onto ceria examined in

chapter 2.

Note that the calculated values of AG are only partly associated with the adsorption of
MCA onto ceria and do not describe the overall process exclusively. The standard free energy

change of adsorption was calculated using the Freundlich constant as it was concluded from the
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low n value that resulted from fitting the data on the Sips isotherm. However, the conclusion that
the process is closer to Freundlich should only be used to give an insight on the adsorption process

and not provide strict numerical values.

The Sips model was found to give the best fit and it is therefore suggested that the
interaction of MCA with ceria is a complex process that combines a monolayer and a more

complex, possibly multi-site interaction (i.e. the Langmuir-Freundlich isotherm).

Due to the high toxicity of chloroform and its incompatibility with most of the
instrumentation available to test sorption processes, no further examination on MCA adsorption
onto ceria was tested. ATR-FTIR experiments on europium oxide-MCA complexes were used as
analogues to visualise the interaction and confirm the attachment of MCA on the mineral. These

can be found in sub-section 3.3.5.3.

3.3.5 Adsorption of MCA on europium oxide
3.3.5.1 MCA interactions with europium oxide- Kinetics

The interaction of MCA with europium oxide was evaluated using mass spectrometry and
the methods described in sub-section 3.2.5. The experiments were run under acidic, neutral and

basic conditions and using different electrolytes. An example of the results obtained for the

europium oxide-MCA systems under acidic conditions (pH 3) are presented in the figure 3.13.
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Figure 3.13-3.15.Kinetics of adsorption of MCA-Eu,0; at pH3 (fig. 3.13- left), pH7 (fig. 3.14- right)

and pH10 (fig. 3.15- middle).

Very similar adsorption profiles were obtained for all systems and the highest adsorption
of MCA was observed after a 40-45 minutes’ interaction. The point of zero charge of europium
oxide is pH=5. This suggests that the mineral exhibits a positive charge below pH 5 and a negative
charge above pH 5. Introducing acidic conditions in the tested system suggested that a positively
charged surface was being approached by a slightly positively-neutral macromolecule. This
suggested that the interaction of the two similarly charged compounds would not be preferred and
repulsion of the two should be observed. Interestingly, the sorption of MCA was successful and the

most rapid interaction was observed when another positively charged ion was present, calcium.

A study on the acid/base properties of europium oxide examined the differences observed
when ammonia or carbon dioxide were adsorbed onto the surface of europium oxide. The results
indicated that europium oxide exhibits higher adsorption of CO, compared to NH; suggesting that

the mineral contains more basic than acidic adsorption sites. These results were explained using the
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Sanderson electronegativity equalization which states that bonded atoms do not exhibit the same
electronegativity as free atoms (Ferreira, 1963). In fact, the electronegativity is equalised and a
value can be calculated for bonded atoms if the electronegativity of each atom and the total number
of atoms in the system of interest are considered. The Sanderson electronegativity of Eu,O;3 is
equal to 2.05 (Shen et al., 1995) while the Sanderson electronegativities of CO, and NH; are 3.32
and 2.73 respectively. Metal ions in aqueous solutions exhibit different electronegativities
compared to ions in the gaseous phase or within molecules (bonded atoms) (Li et al., 2012). Na* in
solution was found to exhibit an electronegativity of 1.063 while Ca*" in solution was found to
exhibit an electronegativity of 1.862 (Li et al., 2012). Even though Ca®* or Na* cannot be
considered acidic or basic, this difference in their electronegativity suggests that calcium ions are
more likely to adsorb onto the europium oxide surface due to the higher electronegativity. Another
method to evaluate this is by observing the pH of CaCl, and NaCl aqueous solutions of similar
concentrations. It is well known that NaCl results in a neutral solution of pH 7 (under clean
conditions) but this is not the case for CaCl,. According to equation (3.6) and the K, value, a CaCl,
solution would result in a very slightly acidic solution of pH=6.4 (for 1M CaCl,). Even if the
difference between the two is negligible, the results indicate that slightly acidic Ca®* is adsorbed

faster on the basic sites of the europium oxide surface while Na* shows a slower adsorption.

Ca® + H,0 — (CaOH)* + H* where K, ~ 10"12-7(Harris, 2007)

equation (3.6)

Figure 3.14 summarises the results obtained for the adsorption of MCA onto europium
oxide under neutral conditions (pH7). The slower interaction between MCA and the europium
oxide surface was observed for the case of NaCl while both the calcium chloride and the water-
related systems showed a rapid adsorption of the macromolecule. The highest initial mass adsorbed

(after a 10 minutes’ interaction) was observed in the systems with calcium and water.
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The adsorption of MCA onto europium oxide at pH 10, represented the case where a
negatively charged surface is being approached by a negatively charged, highly hydrophobic
macromolecule (figure 3.15). The results suggested that the interaction between the two was
mediated by protons, H*. Surprisingly, the larger and hence the ion that exhibited the largest
positive charge compared to all the ions tested, Ca®*, did not result in a rapid adsorption process.
This was attributed to the limited availability of the calcium ions under basic conditions where
OHs are widely available and result in complexation with calcium to form Ca(OH),. This was not
the case observed for the MCA-ceria sorption as calcium was found to be the fastest to mediate the

interaction even if sodium and protons eventually reached the leading ion.

Examining the interaction under basic conditions suggests that a negatively charged
surface is being approached by a negatively charged macromolecule. Hence, the interaction could
only be mediated by a positively charged compound that would act as the connector between the
two negative components. The resulting rapid interaction mediated by protons came as a surprise.
On the other side, calcium was expected to be the most successful ion to mediate the interaction.
The fact that all three electrolytes resulted in very similar adsorption profiles suggested that the

interaction was mediated by all three examined ions.

Europium oxide was found to strongly interact with MCA at all possible surface charges
and all possible charges of the organic molecule. A rapid response was observed mainly when
water or calcium chloride were used as the electrolytes while NaCl showed the slowest interaction
rate for all pH conditions. As in the case of Ceria-MCA sorption, having the chloroform
‘protecting’ and ‘driving' the MCA molecules, allowed us to observe the interaction when bulk
water molecules (hypothetically acting as 'obstacles’ for the interaction with the surfaces) were
repelled. Due to the high density of chloroform, it is hypothesised that the bulk water molecules
would be removed and an easier interaction of the organic molecule with the surface would be

obtained.
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The experimental method used at this stage of the project could not be conclusive in
regards to the mechanism used by the macromolecule in order to adsorb on a surface. The
surprising results obtained for the MCA-europium oxide sorption process suggested that a different
process than that of Ceria-MCA interactions was observed. It has been previously shown that the
functional group that reacts with approaching surfaces is the carboxylic acid group found at the end
of each MCA forms (Zhang et al., 2010) but secondary functional groups are also available. An
example would be the keto group found in the keto-MCA form or the OH group found closely
related to the carboxylic acid group in all the MCA forms. Both groups could be potential
candidates for interaction under specific conditions and intermolecular binding could also be
possible. Hence, a question is raised on whether the orientation of the MCA molecule under
different conditions promotes intermolecular binding but this could not be explored using this

methodology.

Kinetic analysis was continued with calculation of the order of interactions. Pseudo first
order and pseudo-second order models were used and a linear fit (R*>0.99) was obtained for a
second order reaction (appendix 14). The equations obtained along with the R? values are shown in
table 3.15. The results agreed well with the experimentally obtained Q. This outcome suggested
that pH conditions or ions in solution do not play a role in the interaction and that all systems
showed a very similar adsorption mechanism which suggested that neither the pH conditions (and
hence the surface charge of the mineral) or the presence or absence of counter ions in solution had

an effect on the adsorption of MCA onto europium oxide.
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Table 3.15. Results of kinetic analysis of MCA adsorption to europium oxide

o . , Intercept Slope = Qe=1/m K =1/(CQ:")
MCA-Eu,05in: FauaAtiony=MEe R ek m=1ne, mgg?  *10% mg™min *
23
NaCl pH10 Y=0.0089x + 0.0201 0.998 0.0201 0.0089 112.359 3.940
CaCl, pH10 Y=0.0088x + 0.0211 0.998 0.0211 0.0088 113.636 3.670
water pH10 Y=0.0089x + 0.0168 0.997 0.0168 0.0089 112.359 4,715
NaCl pH3 Y=0.0089x + 0.0187 0.998 0.0187 0.0089 112.359 4.236
CaCl, pH3 Y=0.0089x + 0.0206 0.998 0.0206 0.0089 112.359 3.845
NaCl pH7 Y=0.0089x + 0.0201 0.998 0.0201 0.0089 112.359 3.941
CaCl, pH7 Y=0.0089x + 0.0165 0.998 0.0165 0.0089 112.359 4.800
water pH7 Y=0.0089x + 0.0163 0.996 0.0163 0.0089 112.359 4.859
water pH3 Y=0.0089x+ 0.0149 0.997 0.0149 0.0089 112.359 5.316

A kinetic advantage of the calcium and water-mediated interactions was observed for the
case of neutral and basic conditions respectively, where the europium oxide surface is negatively
charged and the MCA molecule is also negative. This was a surprising result especially because
calcium mediated interactions did not result in high reaction rates when the basic conditions were
tested. Under basic conditions, water-based experiments were found to mediate the interaction at
the fastest reaction rate which suggested that a different process is observed when europium oxide

is examined compared to that of ceria.

3.3.5.2 MCA interactions with europium oxide — Isotherms

Samples were taken at different concentrations for the isotherm analysis as previously
described (sub-section 3.2.5). The Langmuir isotherm, the Freundlich isotherm and the Sips

isotherm were used for evaluation of the results. Tables 3.16 and 3.17 show examples of the fitting
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for Langmuir and Freundlich models and explain why the two could not be used for the tested

systems (complete data set can be found in appendices 2 and 3).

The lack of fitting on the Langmuir Isotherm model and the low R? values indicated that a
monolayer adsorption process was not involved in the interaction and additional models had to be
evaluated for better fitting. Table 3.17 shows the equations obtained after fitting the data on the

Freundlich model.

Similarly to the fitting on the Langmuir model, the Freundlich model was proven
unsuccessful in describing the adsorption of MCA onto europium oxide as shown by the low R?
values. However, the R? values obtained from the Freundlich isotherm were higher than the ones
obtained from the Langmuir fitting which suggested that Freundlich was closer to describing the
adsorption process. The Sips model was the next model to be tested for fitting. Varying values of n
were tested in order for the best fit to be found. Tables 3.18 and 3.19 are summarizing the
equations obtained using the Sips model at n=1 and n=0.2. Details on the Sips isotherm can be

found in sub-section 3.3.4.2.

Table 3.16. Langmuir Isotherm for MCA adsorption on europium oxide

Sample ID MCA in: Equation R’
pH3 NaCl Eu,04 Y=0.010x + 0.455 0.83
pH7 CaCl, Eu,04 Y=0.012x + 0.359 0.88
pH3 CaCl, Eu,04 Y=0.011x + 0.453 0.80
pH10 water Eu,03 Y=0.005x + 0.766 0.43
pH7 water Eu,O4 Y=0.080x + 0.468 0.82
pH7 NaCl Eu,04 Y=0.003x + 0.870 0.17
pH10 CaCl, Eu,03 Y=0.006x + 0.691 0.63
pH3 water Eu,O3 y=0.007x + 0.631 0.69
pH10 NaCl Eu,03 y=0.007x + 0.695 0.60



The obtained results suggested that the concept associated with the Sips model was closer
to explaining the mechanism involved in the adsorption of MCA onto europium oxide. A
combination of a monolayer (Langmuir) and a multi-site process was suggested even though, as
explained for the MCA-Ceria systems, no clear mechanism can be extracted. It is possible that

bound-MCA to free-MCA interactions were reflecting the observed removal of MCA from the

solution.
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Table 3.17. Freundlich Isotherm for MCA adsorption on europium oxide

Sample ID MCA in:

pH7 water Eu,04
pH10 water Eu,03
pH3 CaCl, Eu,0;
pH7 CaCl, Eu,0;
pH3 NaCl Eu,05
pH10 NaCl Eu,04
pH3 water Eu,0O3
pH10 CaCl, Eu,0;

pH7 NaCl Eu,04

Equation
Y=0.695x+1.226
Y=0.868x+0.437
Y=0.658x+1.206
Y=0.600x+1.412
Y=0.724x+1.094
Y=0.804x+0.623
Y=0.772x+0.826
Y=0.798x+0.726

Y=0.966x+0.084

R2
0.94
0.89
0.72
0.81
0.98
0.87
0.91
0.90

0.88



The fitting obtained for n=0.2 resulted in the highest R? values and hence the equations

resulting from the fit were used to calculate the varying constants associated with the isotherm

Table 3.18. Sips Isotherm for MCA adsorption on europium oxide (for n=1)

Sample ID
pH7 water Eu,03
pH10 water Eu,0;
pH3 CaCl, Eu,04
pH7 CaCl, Eu,04
pH7 NaCl Eu,05
pH10 CaCl, Eu,04
pH3 water Eu,03
pH10 NaCl Eu,03

pH3 NaCIEUZOg

Table 3.19. Sips Isotherm for MCA adsorption on europium oxide (for n=0.2)

Sample ID
pH3 CaCl, Eu,04
pH7 NaCl Eu,05
pH10 CaCl, Eu,03
pH3 water Eu,03
pH10 NaCl Eu,03
pH3 NaCIlEu,0;
pH7 CaCl, Eu,04
pH7 water Eu,O3

pH10 water Eu,03

(table 3.20).
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Equation
Y=0.573x+0.006
Y=1.038x+0.001
Y=0.991x+0.002
Y=0.733x+0.006
Y=1.156x-0.002
Y=0.895x+0.003
Y=0.837x+0.004
Y=1.013x+0.002

Y=0.726x+0.006

Equation
y=62723.894x+0.013
Y=87788.938x+0.013
Y=36231.381x+0.013
Y=27981.305x+0.013
Y=62793.946x+0.014
Y=16849.001x+0.013
Y=19216.338x+0.014

Y=5476.202x+0.013

Y=63084.472x+0.013

R2
0.99
0.98
0.95
0.98
0.98
0.98
0.99
0.98

0.99

R2
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99

0.99



Table 3.20. Sips isotherm fitting for n=0.2

ID

Sips Isotherm
MCA in:

pH3 CaCl, Eu,04
pH7 NaCl Eu,04
pH10 CaCl, Eu,O3
pH3 water Eu,03
pH10 NaCl Eu,03
pH3 NaCIlEu,0;
pH7 CaCl, Eu,04
pH7 water Eu,O3

pH10 water Eu,03

As in the case of MCA adsorption onto ceria, the value of n obtained from fitting the
experimental data on the Sips model that resulted in the highest R? values is closer to zero (n=0.2).
It was therefore suggested that the Freundlich constant K¢ could be used to calculate the standard
free energy change, AG as the data showed a tendency to follow the Freundlich model (more
details in sub-section2.3.3.2.1). Table 3.21 summarises the results of the calculated free energy

change of adsorption using the Freundlich constant after the appropriate adjustments to ensure that

Equation
1 1 1y 1
Q% QK (c_) " Qo

y=62723.894x+0.013
Y=87788.938x+0.013
Y=36231.381x+0.013
Y=27981.305x+0.013
Y=62793.946x+0.014
Y=16849.001x+0.013
Y=19216.338x+0.014
Y=5476.202x+0.013

Y=63084.472x+0.013

Intercept

Qmax

0.013

0.013

0.013

0.013

0.014

0.013

0.014

0.013

0.013

Slope

1
Qmasz

m

62723.894

87788.938

36231.381

27981.305

62793.946

16849.001

19216.338

5476.202

63084.472

the requirements related to the units of the constants were met.
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Qmax

1
Qmax = E

76.923

76.923

76.923

76.923

71.429

76.923

71.429

76.923

76.923

m * Qmax

0.0002
0.0001
0.0005
0.0002
0.0008
0.0007

0.002
0.0002

0.0002



Table 3.21. AG calculations for MCA adsorption to europium oxide according
to Freundlich Isotherm

ID Ks Kc AG (kJ/mol)
pH3 CaCl, Eu,03 1.206 1206 -16.133
pH7 NaCl Eu,05 0.084 84 -10.075
pH10 CaCl, Eu,0; 0.726 726 -14.979
pH3 water Eu,04 0.827 827 -15.275
pH10 NaCl Eu,03 0.623 623 -14.631
pH3 NaClIEu,0; 1.203 1203 -16.128
pH7 CaCl, Eu,04 1.412 1412 -16.491
pH7 water Eu,O4 1.226 1226 -16.171
pH10 water Eu,O5 0.437 437 -13.825

Negative values of the free energy change were obtained for all the cases of MCA sorption
onto europium oxide. The calculated results suggested that at low n values and hence, following
the Freundlich isotherm model of multi-site molecule adsorption, MCA spontaneously adsorbed

onto europium oxide under all different pH conditions.

As in the case of ceria-MCA adsorption, it should be noted that the calculated values of
AG are only partly associated with the adsorption of MCA onto europium oxide and do not
describe the overall process exclusively. The free energy change of adsorption was calculated
using the Freundlich constant as it was concluded from the low n value that resulted from fitting
the data on the Sips isotherm. However, the conclusion that the process is closer to Freundlich
should only be used to give an insight on the adsorption process and not provide strict numerical
values. Compared to the Ceria-MCA systems, the value of n that obtained the best fit for the
europium oxide-MCA interactions was even closer to zero. This suggested that the europium
oxide-MCA systems are more likely to follow the Freundlich model of adsorption compared to the
ceria-MCA systems. Nevertheless, the Sips model was found to give the best fit and it is therefore

suggested that the interaction of MCA with both ceria and europium oxide is a complex process
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that combines a monolayer and a more complex, possibly multi-site interaction (i.e. the Langmuir-

Freundlich isotherms).

3.3.5.3 ATR-FTIR of Europium Oxide - MCA interactions

IR spectroscopy was used to characterise the europium oxide-MCA complex. Figure 3.16
shows an example of the resulting spectra. Clear MCA peaks can be identified at all spectra which
proves the presence of MCA in the reaction product. No europium oxide control is shown due to

the lack of peaks associated to the compound in the 1000-2400 cm™ range.

ATR-FTIR Mycolic Acid-Europium Oxide
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Figure 3.16.ATR-FTIR spectra of MCA adsorption onto europium oxide. The peak at ~1680 cm™
represents the C=0 stretch and the peak at 1375 cm™ suggests the presence of -C-H (bending).

A large peak at ~1680 cm™ is assigned to the C=0 stretch while a second one at 1375 cm™
shows the presence of -C-H (bending). A sharp peak representing the C-O functional group of the
blank material (MCA control) is observed at 1210 cm™. A small shift of that at the three interacted
samples (~1250 cm™) shows that the C-O group has been involved in the interaction with the

mineral.
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3.3.6 Comparison between Ceria-MCA and Europium Oxide-
MCA interactions

MCA was examined for its sorption behavior onto ceria and europium oxide under acidic,
neutral and basic conditions. All systems resulted in a rapid adsorption of the organic molecule
onto the minerals when water was used as the electrolyte suggesting that proton ions mediate the
interaction. Water was found to increase the sorption at the early stages of the process which
suggested a kinetic advantage compared to the other ion-containing cases. Nevertheless, all tested
electrolytes contributed to the adsorption of MCA onto both mineral surfaces. Overall, pH does not
seem to affect the sorption process to surfaces. The results were surprising especially because
usually, pH conditions are a key component of adsorption processes that involve pH sensitive
functional groups, such as carboxylic acids. One of the reasons why both surfaces resulted in
similar adsorption isotherms was attributed to the fact that the point of zero charge of both surfaces

was very close (figure 3.17).
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Figure 3.17. Theoretical surface charge of ceria and europium oxide

It could be assumed that since ceria and europium oxide exhibit similar changes on their
surface charge depending on pH conditions, a common adhesion behavior would be expected.
Surprisingly, even though both the two minerals have similar maximum adsorption capacities, the
initial stages of the interactions revealed two different processes. It is believed that the property of

the two surfaces that resulted in the different sorption of MCA was their relationship with water.
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Europium oxide is a hydrophilic surface that absorbs water while ceria is hydrophobic (Shen et al.,
1995; Azimi et al., 2013). This suggests that while europium oxide interacts with water molecules
at the solid/liquid interface, ceria inhibits such interactions. As a result, water may promote or

inhibit the interaction of organic molecules with the minerals.

Zhang et al.(2010) showed that water molecules affected the interaction observed when
MCAs were deposited on hydrophilic or hydrophobic surfaces. Hydration layers were observed
between the tested hydrophilic surface and the macromolecules. On the other end, no hydration
layers were observed when hydrophobic surfaces were tested. Thus, the assumption that water may
play a role in the adsorption of MCA depending on the hydrophobicity exhibited by the surface
may be the answer to why the ceria and europium oxide surfaces showed different adsorption
profiles at least for the early interaction stages. An attempt to examine how water is involved in the

interaction with ceria was completed with computational methods (chapter 5).

The use of chloroform as the solvent to dissolve the macromolecules resulted in different
observations from those of Zhang et al. (2010). The introduction of the organic phase in an
aqueous electrolyte resulted in a two-layer system between the aqueous phase and the organic
macromolecules. Due to the density of chloroform which is higher than that of water, the organic
layer was removing the bulk water molecules. Hence, the organic layer was easily located on top
of the tested surfaces. Additionally, the use of chloroform increased the solubility of the MCA
carboxylic end in water. That is due to the increased polarity exhibited by the molecule when the
organic solvent was introduced. This enhanced polarity resulted in an increased availability of the
carboxylic -OH groups which could now undergo hydrogen bonding. The addition of Ca*" and Na*
further increased the hydrophilicity of the carboxylic end due to the higher charge carried by the
salt ions. Hence, the carboxylic oxygens became more negative which promoted the interaction of

the carboxylic end groups with water molecules and eventually the mineral surface. A graphical

representation of the above explanation is shown in figure 3.18.
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This experimental set-up was intended to mimic the natural system. Within bacterial cell
walls, MCAs are tightly bound in an orderly arrangement, forming a highly hydrophobic organic
layer (represented by the chloroform component in the experimental system) with a layer of
enhanced polarity formed by the exposed carboxylic end groups. It is therefore suggested that

comparing the results with experiments that do not include an organic solvent will result in major

differences.
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Figure 3.18.The effect of chloroform in the solubility of MCA. When using chloroform as solvent, an
enhanced dipole at the end of the carbon chain of the MCA (at the -COOH functional group) provides
the charge difference necessary to mediate interactions with water molecules and other ions (i.e. Ca®").

The work of Moll et al. (2013) summarises the observed mechanisms when bacterial
isolates from Mont Terri Opalinus Clay were interacted with a series of actinide and lanthanide
ions. Those included UO,**, Cm**, Eu*" and Pu*" and the identified bacterium was Sporomusa sp.,
a Gram positive bacterium. Even though this work did not involve any mycolic acids, the results
indicated that adsorption processes were mediated by carboxylic acid functional groups. A strong
adsorption of uranyl ions on the surface of the cell was observed as a function of pH. Phosphoryl

and carboxyl bacterial sites were found to be the major contributors of this process as
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complexation resulted from the adsorption process, producing R-COO-UO,*" and R-O-PO5-UO,
complexes of various forms (Moll et al., 2013). Complexation after reduction of europium ions
was also observed by the same species, with the same functional groups acting as the major
contributors in the complexation process (Moll et al. 2014). A summary of the results as proposed
by Moll et al.(2013) is shown in figure 3.19. The results suggested that bacterial carboxyl and
phosphoric groups are essential for the removal of lanthanide and actinide ions in solution. Even
though our work did not involve ion complexation, it is important to note that -COOH from
bacterial origin can promote biosorption and complexation of highly mobile and toxic species. Our
ATR-FTIR results showed that sorption of MCA onto europium oxide involved the C-O group of
the bacterial macromolecule. Hence, similarly to the work of Moll et al., our results supported that

the functional group involved in the sorption process was the -C=0 carboxyl component.
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Figure 3.19. Sorption of An and Ln onto bacterial cells mediated by —-COOH functional groups. (Moll
etal., 2013)

The interaction of MCA with ceria was further examined with computational methods,

explained in chapter 5. A comparison between the two methods is analysed in detail there.
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3.4 Conclusions

Here the interaction of MCA from bacterial origin with two different nuclear-related
oxides, ceria and europium oxide is considered. This work has been the first to examine the
interaction of MCA with the mentioned surfaces as no other published work similar to that

presented here could be identified in the literature.

Tests on europium oxide and ceria confirmed that MCA, found on the outer layer of gram-
positive bacterial cells, interacts with each surface under varying pH and electrolyte conditions.
Mass spectrometry and ATR-FTIR confirmed the attachment of the biopolymers to the oxide
surfaces after a 1-hour interaction. The results indicated the involvement of the -COOH functional
group of MCA in the sorption process and agreed with previously published data. Calcium, sodium
and protons tested in solution showed similar effects on the adsorption of MCA on both surfaces
except when the systems were tested under acidic conditions. In this case, MCA adsorption to ceria
was better when the adsorption process was mediated by protons while MCA adsorption to
europium oxide was better for calcium-mediated processes. This difference was attributed to the
difference in hydrophobicity of the two surfaces. Ceria is a hydrophobic surface which would
attract the organic layer containing MCA molecules in order to repel water molecules found in
solution while europium oxide is a hydrophilic surface that has basic adsorption sites. Those are
more likely to adsorb calcium ions due to their slightly acidic character. Nevertheless, the
adsorption of MCA onto both the ceria and europium surface was successfully mediated in all
reaction conditions and the carboxylic end group of MCA was found to be the major contributor to

the adsorption process.

This work has shown that MCAs from bacterial origin can mediate bacterial adhesion onto
different surfaces via their -COOH end functional group. This indicates that carboxylic groups
from bacterial origin can sustain different mechanisms for the removal of highly toxic, nuclear-

related particles. Ceria was used as the analogue of urania and thoria in order to examine whether
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MCA could adsorb onto the surface. The adsorption was proved successful suggesting that MCA-
like polymeric substances could be used for binding and removal of particles from solution in
bioremediation processes. This knowledge, in combination with studies that showed sorption and
complexation of uranyl and other lanthanide/actinide ions by -COOH bacterial groups, could be
used to produce a polymeric substance similar to MCA that will promote treatment of nuclear

waste as well as biomining processes.
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Chapter 4

Peptidoglycan Interactions
with Nuclear Related
Materials

PPPPPPP



4.1 Introduction

The preliminary findings of sorption of peptidoglycan (PGN) to nuclear related materials
are presented here. PGN is a polymer of sugars and amino acids that forms a layer at the outer side
of Gram positive bacteria and the cell wall of Gram negative bacteria. It is found in both Gram
positive and negative species making it an ideal candidate to examine sorption mechanisms used

by bacteria.

One of the limitations of working with PGN is that extraction methods from bacterial cells
result in a PGN containing impurities that require rigorous purification. Preliminary results
indicated that commercially available PGN contains proteins which may cause major interference
in sorption studies, making it difficult to interpret sorption data. This is a limitation of this study,
where the number of experiments and replications performed was constrained by the amount of

pure PGN available for the experiments. Thus, the results included in this chapter are only
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preliminary and are intended as a comparison to other molecules studied. Although further
experimentation is needed to obtain more accurate conclusions, the results presented are

encouraging and contribute to provide an overall picture of the processes at cell wall level.

Similarly to lipopolysaccharides, PGN is a complex molecule with a range of functional
groups and a series of possible adhesions processes may arise (Van Hee et al., 2004). In the
absence of a protective outer membrane in Gram positive bacterial cells, the main role of PGN is to
provide rigidity to the cell structure. Gram positive bacterial cells were found to contain about 40
layers of PGN (30%-70% of the cell wall dry weight) (Schleifer and Kandler, 1972). PGN is also
found in about 10%-30% of the cell wall dry weight as the inner layer of the Gram negative
bacterial cell wall (figure 4.1). PGN maintains the shape of the cell and allows bacterial cells to
withstand media of low osmotic pressure. Additionally, in contrast to LPS, PGN is one of the best

targets for antibacterial drugs (Crick et al., 2001).

The basic structure of PGN contains alternative units of N-acetylglucosamine and N-
acetylmuramic acid (figure 4.2). Attached to each of the N-acetylmuramic acid units is a series of

amino acids forming a tetrapeptide.
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Figure 4.1.PGN in Gram negative and Gram positive bacterial cell walls.
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Figure 4.2. Structure of the repeating unit of PGN

4.1.1 Quantification of PGN

PGN has been established as a successful biomarker for the identification of bacteria. Its

quantification is therefore essential and a range of quantification methods is now available in the
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literature. High Performance Liquid Chromatography (HPLC), Mass Spectroscopy (MS) and
Colorimetric techniques have been used to determine the amount of PGN present in bacterial
samples. Since no technique is able to quantify the whole of the molecule, its quantification has
been achieved by targeting a part of the molecule. For example, the muramic acid component
(figure 4.3) can be identified using the muramic acid assay as described by Hadzija in 1974
(Hadzija, 1974). This simple and rapid method involves the degradation of muramic acid into
acetaldehyde. The latter can be quantified colorimetrically with a range of possible complexation
techniques including the use of p-hydroxydiphenyl (PHD) with copper solutions. Since there is
only one muramic acid group per molecule, the amount of muramic acid can be related to the

original amount of PGN in the sample.
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HC e
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Figure 4.3. The muramic acid structure

Another technique used for quantification of PGN involves the quantification of D-lactic
acid, resulting from treatment of PGN moieties. Enzymatic bioanalysis of D-lactic Acid-L-lactic
acid was explored by Tipper (Tipper, 1968) and a linear relationship between the amount of PGN
in solution and the product of the enzymatic analysis was established. A high number of the
methods developed for quantification of either the muramic acid moiety or the D-lactic acid moiety
coming from a PGN origin were based on these two first methods(Hoijer et al., 1995; Schrijver et

al., 1999; Van Hee et al., 2004).
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4.1.2 PGN interactions with surfaces

Several studies have examined the adsorption of heavy metal oxides and other toxic ions
including UO,**, Pd**, Cd*" onto PGN layers from Gram positive or Gram negative bacterial cells
(Barkleit et al., 2009; Johnson et al., 2006). Several complexation sites were identified including
carboxylic sites of glutamic acid and diaminopimelic acid, as well as hydroxyl and amino groups
(Barkleit et al., 2009). The identification of mechanisms involving strong complexation after
adhesion processes suggested that bacterial PGN is a possible candidate for bioremediation

processes.

Strong adsorption of PGN onto kaolinite was also reported (Spencer and Kelleher, 2012).
The results indicated that the complexes resulting from such interactions remained dominant after
acid hydrolysis. As the authors explained, acid hydrolysis is possibly one of the worst
environmental conditions such complexes will ever experience which suggested that a very strong

bond between the PGN and the mineral was formed (Spencer and Kelleher, 2012).

Sorption of non-biogenic Fe oxides was studied on Shewanella putrefaciens, in order to
examine if minerals other than these formed within the bacterial cells during biomineralisation can
adsorb onto the bacterial surface. Ferrihydrite (hydrous ferric oxide), goethite (a-FeOOH) and
haematite (a-Fe,03) were found to adhere strongly on the surface. In some cases, the minerals had
even penetrated the outer membrane and reached the PGN layer of the cell, suggesting that an
adsorption process may be possible between the PGN components and the iron-related minerals

(Glasauer et al., 2001).

Polysaccharides share similar chemical composition to peptidoglycan and therefore, their
behavior may be comparable to the PGN. Strong adsorption of bacterial polysaccharides was
described by Natarajan and Namita who studied the sorption profiles and the changes in surface
charge involved in binding between several minerals with the biomolecules (Natarajan and Namita,

2001). Calcite, quartz, corundum and haematite were all assessed for their ability to bind with
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bacterial polysaccharides and ATR-FTIR showed specific binding related to -COOH, -NH, and -
OH groups. Zeta potential analysis showed changes in the surface charge of the minerals after
interaction with bacterial polysaccharides and a clear distinction between two different processes
was obtained relating the hydrophilic or hydrophobic character of the mineral with the change in

surface charge (Natarajan and Namita, 2001).
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4.1.3 Objectives

The aim of this work was to examine the interaction of PGN with nuclear related materials
at varying pH conditions and in the presence of different counter ions in order to examine whether
a universal rule can be drawn for the adhesion of PGN from bacterial origin onto minerals. Non-
radioactive surfaces were selected due to the limited availability of analytical instrumentation for
the analysis of radioactive materials. The surfaces chosen were: (a) ceria as the analogue of various
nuclear-related minerals and (b) europium oxide as a by-product of the uranium fission process.

The interaction was tested using experimental techniques (colorimetry and ATR-FTIR).
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4.2 Materials and Methods

4.2.1 Chemicals

All chemicals were purchased from Sigma-Aldrich (UK) and were of analytical grade
unless stated otherwise. Double distilled water was used for all the experiments. The peptidoglycan
was extracted from Staphylococcus aureus and obtained from the Krebs Institute, Department of
Molecular Biology and Biotechnology, University of Sheffield led by Dr Stephane Mesnage. The
results described in this chapter were performed as batch experiments and only one measurement

was taken per system since the total mass available of PGN was ~5 mg.
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4.2.2 Macromolecules

Chemically produced muramic acid (MA) was purchased from Sigma-Aldrich.
Commercially available Peptidoglycan (from Staphylococcus aureus) was also purchased from
Sigma-Aldrich in order to examine the purity of the product and compare with the purified PGN
sample obtained from the Krebs Institute. Stock solutions of purified PGN, non-purified PGN and
MA dissolved in water, 0.01M NaCl or 0.01M CacCl, were prepared. The pH was adjusted to 3, 7
or 10 with 0.01M HCI or 0.01M NaOH. All stock solutions were vortexed, sonicated for 10 min,

and stored overnight at 4 °C before re-equilibration the following day at room temperature.

4.2.2.1 Purification of PGN

It has been previously shown that proteins may be covalently bound to commercially
available PGN samples (Atrih et al., 1999; Kihner et al., 2014; Trevassos et al., 2004; Guillot et
al., 2006). Hence, PGN was purified to avoid any interference of protein moieties with the tested
materials (Klhner et al., 2014). The samples were heated with hot 4% sodium dodecyl sulfate
(SDS) solution for 15 minutes and were then washed 6 times with distilled water. The washed
pellets were then re-suspended in 50mM Tris-HCI (pH7) in the presence of 3mg/ml of pronase and
were incubated at 60 °C for 90 minutes. The samples were then washed once with distilled water
and were re-suspended in concentrated hydrofluoric acid (HF). The suspensions were incubated at
4 °C for 24 hours after which they were washed with cold distilled water. The supernatant was
disposed of and the remaining protein-free PGN was kept at -20 °C until further use. The purity of

the samples was tested with High Performance Liquid Chromatography (sub-section 4.2.2.1.1).
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4.2.2.1.1 Analysis of peptidoglycan purity using HPLC

The purity of the treated- PGN samples was tested using the method of Atrih et al.(1999).
High Performance Liquid Chromatography with UV detection was used to separate muropeptides
from the resulting protein-free PGN and assess its purity. The muropeptides were separated by
reverse-phase HPLC (RP-HPLC) on a Hypersil Cyg column (3 um, 2.1 by 200 mm; ThermoFisher
Scientific) coupled to an Agilent 6500 Series Q-TOF LC/MS System. The elution buffers were as
follows: A, 10 mM ammonium phosphate (pH 5.5); B, 10 mM ammonium phosphate containing
30% (vol/vol) methanol. The column was equilibrated at 45 °C with buffer A at a flow rate of 0.3
ml/min for 5 min. The sample was then run using a linear gradient of 0 to 75% buffer B over a
period of 45 min. The gradient of elution of buffer B was then increased to 100% over a period of
10 minutes (to reach a total of 55 minutes). The flow rate was constant at 0.3 ml/min and the eluted
compounds were detected by monitoring the absorbance at 202 nm (Atrih et al., 1999). The results
showed clear peaks for the purified PGN muroproteins with no contamination from proteins or
extracellular materials. Figure 4.4 summarises the results of the HPLC analysis analysed by Dr

Stephane Mesnage.
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Figure 4.4. HPLC results for purity of PGN-treated. The peaks represent the individual muroproteins
extracted from peptidoglycan. (Dr Stephane Mesnage, Univ. of Sheffield, pers. comm.)
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4.2.3 Minerals

Two different minerals were used in this study: europium oxide Eu,O3 and ceria CeO..
Both Eu,0; and CeO, were purchased from Sigma-Aldrich (UK). X-ray Diffraction (XRD)
analysis on the X'Pert® Powder by PANalytical on reflection mode for 15 minutes was used for
characterization of the materials which were compared to known PDF cards from the literature

(details in sub-section2.3.2.2).

4.2.4 Method for PGN and Surface Interactions

The method followed to observe the interactions of PGN with surfaces was similar to the
method described before. Two mg of ceria or europium oxide were weighed and transferred in
glass tubes with 100 pL of NaCl 0.01M, CaCl, 0.01M or water. The pH of the individual samples
was adjusted with 0.01M HCI or 0.01M NaOH. The samples were left to equilibrate for 24 hours
and the pH was tested. Aliquots of 100 uL of purified- PGN (previously prepared as described in

sub-section 4.2.2.1) were added to the tubes.

Kinetic analysis of the interaction of PGN with ceria was performed using the method
described in sub-section 2.2.4. Samples were taken at time t=1 min, 5 min, 10 min, 50 min, 90 min
and 160 min with constant concentration of adsorbent (PGN 0.2mg/mL) and adsorbate (surface

2mg), constant pressure, temperature and pH.

A second experiment included the construction of experimental isotherms. Samples were
taken at constant time, pressure, temperature and pH and varying concentrations of macromolecule
added to the system. The concentration of solutions of PGN used for the isotherms were 0.005 mg
mli*,0.01 mg mI?, 0.012 mg ml™, 0.015 mg ml™* and 0.02 mg mI™. The amount of macromolecule

adsorbed was calculated by equation (1).
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equation 4.1)

where Q = amount of PGN adsorbed on mineral (mg g™*), C,= initial concentration of PGN in solution
(mg L™, C.= final concentration of PGN in solution (mg L™), m=mass of mineral used (g) and V=
volume (L).

4.2.4.1 Isotherm Models

In order to describe the sorption behavior, Langmuir and Freundlich models were used.
The assumptions and theory related to each isotherm can be found in sub-section 2.2.4.1.Table 4.1

shows the equations as derived from the models.

Table 4.1. Equilibrium Models

ID Equation (linear form) Y X Intercept Slope
L ) Ce 1 C+ 1 Ce c 1 1
angmuir —_—=— —_— — —_—
Qe Qm ¢ (Kl)Qm Qe ) (Qm)KI Qm
1 1
Freundlich In(Q.) = In(Ky) + — In(C,) In(Qs) In(Cy)  In(Kp) -
F F

Where C.=PGN concentration at equilibrium (mg L™), Q.=equilibrium adsorption capacity (mg g™),
KI= Langmuir adsorption constant (L/mg), Qm=maximum adsorption capacity (mg g%), Kg=
Freundlich constant (L/g), ng = heterogeneity factor of adsorption sites.

4.2.5 Quantification of PGN — Colorimetric Method

The amount of muramic acid in the samples after the interaction with the minerals was
determined using the Hadzija method (Hadzija, 1974) with some modifications (Schrijver et al.,
1999 and Hoijer et al.,1995). One hundred pL of the samples were heated for 2 hours at 90°C with
100 pL of 5 M H,SO,, (hydrolysation). The samples were then neutralized with 100 pL of 10 M
NaOH and incubated with an additional 50 pL of 1 M NaOH at 37°C for 30 min. Addition of 100

uL of conc. H,SO,followed and the samples were heated for 3.5 min at 100°C in a water-bath.
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Rapid cooling in ice followed, and the samples were mixed with 10 pL of 4% (w/v) CuSO4-5H70
in HyO and 20 pL 1.5% p-hydroxydiphenyl in 96% ethanol. After incubation for 30 min at 30°C,

the absorbance at 560 nm was determined. Controls including purified-PGN (non-reacted) and
non-reacted ceria were used. Solutions containing 0-50 ug/mL of muramic acid in H,O were used
as standards. This method required the development of a calibration curve with standard solutions
of muramic acid (MA) and purified PGN concentrations. That was constructed according to the
Beer-Lambert Law where absorbance (A) is directly related to the analyte concentration and is
equal to the absorptivity coefficient () multiplied by the analyte concentration (C) and the path

length (1) (equation 4.2).
A=¢-C-1 equation  (4.2)

The Purpald assay to measure the absorbance was performed in transparent 96-well plates
(Fisher Scientific) and a Biotek Plate Reader to measure absorbance. The data were analysed using

the Genb software.

4.2.6 Attenuated Total Reflection-Fourier Transform
Infrared Spectroscopy (ATR-FTIR)

The functional groups of PGN were characterised using ATR-FTIR before and after the
interaction of the macromolecules with the mineral surfaces. An amount of2 + 0.5mg of minerals
was transferred into 2.5 ml glass tubes. Aliquots of 100 uL of 0.01M NaCl solution, 0.01M CaCl,
solution or H,O were then added to the tubes and the pH was adjusted with 0.01M NaOH or 0.01M
HCI. The contents of the tubes were mixed and left in the shaker for 24 hours at room temperature
to equilibrate. The pH of the equilibrated suspensions was then tested and adjusted if required and
100puL of 0.1 mg/ml PGN dissolved in water, 0.01M NaCl or 0.01M CaCl,and purified as
described before was then added. The tubes were left to interact for 60 minutes and were then

centrifuged at 5000rpm for 10 minutes. The supernatant was discarded and the samples left were
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freeze dried for 24 hours. FTIR spectra were collected from 400-4000cm™, with a resolution of 4

cm™.

4.2.7 Zeta Potential Analysis

Information on the surface charge of PGN and minerals was obtained by measuring the
zeta potential using a Zeta Potential Analyzer (ZetaPALS by Brookhaven Instruments
Corporation). The zeta potential was also measured to confirm the adsorption of macromolecules
onto the mineral surfaces. Suspensions of 0.25 mg L™ mineral in 0.01M CaCl,, 0.01M NacCl
solution or H,O and at different pH (3,7,10 adjusted with 0.01M NaOH and 0.01M HCI) were
prepared in 250 ml tubes and left to equilibrate for 24 hours before zeta potential measurement.
Approximately 1 ml of the cell suspension was transferred to a glass cuvette and the zeta potential
was obtained from the average of 10 measurements, presented at a 95% confidence level. The
same procedure was followed after the addition of 25uL of 0.2mg ml™ PGN stock solutions at the

corresponding pH conditions and after 24 hours of equilibration.
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4.3 Results and Discussion

4.3.1 Adsorption of PGN onto Ceria

4.3.1.1 Zeta Potential of PGN — Ceria interactions

Surface charge is a key component describing the surface behavior of micro-organisms.
Therefore, the behavior of their bio-components such as PGN can be used to access important
information regarding cell interactions. The observed charge is a result of an increase in net charge
at the molecule surface. This affects the distribution of ions in the close surrounding region which
results in the formation of a double layer. More details on the double layer can be found in sub-

section 2.3.3.1.

Figure 4.5 summarises the results of zeta potential of ceria-PGN as a function of pH.
Control PGN showed a negative potential at neutral and basic conditions with a slightly positive
zeta potential under acidic pH conditions. This result agrees with previously published work on
zeta potential of bacterial polysaccharides (Natarajan and Namita, 2001) and also the work of Jiang
et al., 2013 who showed that bacterial cells have a low point of zero charge in close-to-neutral

aqueous environments (Jiang et al., 2013). The same was shown for both P. fluorescens biofilms,
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the zeta potential of which is primarily controlled by LPS and PGN moieties (Takenaka et al.,

2007).

Zeta Potential PGN-Ceria

as a function of pH
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Figure 4.5.Zeta potential as a function of pH for ceria before and after the interaction with
PGN in the presence of different electrolytes.

Slightly positive zeta-potential is expected for acidic solutions due to the added protons
found in the samples which are directly related to zeta potential measurements (Yukselen-Aksoy
and Kaya, 2011). Hence, control PGN at pH3 is slightly positive (~5mV — not shown). Similarly,
ceria control samples (Ceria-H*, Ceria-Na*, Ceria-Ca®") under acidic conditions resulted in positive
zeta potential while neutral and basic conditions resulted in negative zeta potential measurements
(with the exception of Ceria-Ca®* at pH 7 which was slightly positive, ~2mV). The small pH-
dependent changes in zeta potential values obtained for the Ceria-Ca** controls indicate that
intermolecular binding with calcium ions reduces the surface charge and increases molecule
aggregation, most likely due to conformational changes exhibited by the PGN macromolecules.
This result agreed with reported differences in FTIR spectra of PGN dissolved in water and PGN
dissolved in other electrolytes (Naumann et al., 1982). The spectrum obtained for PGN dissolved
in electrolytes showed significant peak broadening which was justified as the effect of

intermolecular binding mediated by the ions in solution.
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The results for the Ceria-PGN systems (figure 4.5) showed a change in zeta potential. The
zeta potential of PGN-Ceria at acidic conditions in the presence of water, CaCl, and NaCl was
18.94, -5.32 and -24.75 mV respectively. The zeta potential of the Ceria controls at pH3 (indicated
in figure 4.5 as Ceria-H" for ceria in water, Ceria-Na" for ceria in NaCl and Ceria-Ca*" for Ceria in
CaCl,) was always higher than 0 mV. This decrease in zeta potential and the change from positive
to negative values when the macromolecule is added in the system indicates that the surface charge
has changed, most likely due to sorption of the molecule to the surface. Similarly, the zeta potential
of PGN-Ceria at neutral conditions in the presence of water, CaCl, and NaCl was -48.62, -13.25
and -46.77 mV respectively. Lastly, the zeta potential of PGN-Ceria at basic conditions in the
presence of water, CaCl, and NaCl was -50.81, -10.21 and -47.06 mV respectively. In general, it
was observed that in all acidic and neutral Ceria-PGN samples, the zeta potential was lower than
the zeta potential of the Ceria controls while the basic systems showed a slight decrease in the
measured zeta-potential values when the macromolecule was added to the system. These results
agreed with the observed reduction in zeta potential with increasing hydrophobicity of
hydrocarbon adsorption onto Staphylococcus aureus (Wilson et al., 2001) and suggested that an
adsorption process has taken place. Similar observations were reported by Natarajan and Namita
who examined the interactions of several surfaces including calcite, quartz, kaolinite, haematite
and corundum with bacterial polysaccharides and bacterial proteins (Natarajan and Namita, 2001).
The results presented here agreed well with the reported values of zeta potential changes associated
with bacterial polysaccharide interactions with haematite and corundum. The measured zeta
potentials of the surfaces were observed to shift towards more negative values when those were
treated with bacterial polysaccharides. For example, the isoelectric point (IEP) for corundum
before the interaction was close to pH 7 while after the sorption experiment it shifted to a lower pH
of about 2.8. The work described here did not include enough data points in order to examine the
true IEP values of ceria before and after interaction with the bacterial compound. However, a
general shift towards more negative values is observed when the zeta potential of the surface was

tested in the range 3<pH<7 where all the ceria controls started with a high zeta potential while the
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Ceria-PGN samples were moving towards negative zeta potential. Thus, this change in zeta

potential after the addition of PGN in ceria samples indicated a successful sorption process.

4.3.1.2 Muramic Acid Assay-Calibration Curve

The muramic acid assay as proposed by Hadzija (Hadzija, 1974) with some modifications
(Schrijver et al., 1999 and Hoijer et al.,1995) was chosen as the quantification method of PGN
before and after its interaction with ceria. A calibration curve was constructed in accordance to the
Beer-Lambert law. A series of tests was run to establish whether ions in solution had an effect on
the assay but no trends were observed. This led to the conclusion that a single calibration curve
would be sufficient for the quantification of PGN when each of the different electrolytes were
included in the reaction system. A summary of the results can be found in figure 4.6. A linear
relationship was observed describing the absorption of light at 560 nm and the concentration of
muramic acid (shown as pug/mL) in the presence of Ca**, Na* and H*. The results were comparable
to that of Hadzija (Hadzija, 1974) where similar curves were obtained. The curve was also
evaluated by examining standard samples of commercially available muramic acid against PGN-

derived muramic acid.
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Figure 4.6. Calibration curve for muramic acid quantification with varying electrolytes
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It has been previously shown that commercially available PGN contained proteins that
were strongly bound to the PGN molecules. Hence, the samples containing non-purified PGN
could have been contaminated with proteins. Samples involving purified- PGN produced results in
accordance to the calibration curve constructed using the muramic acid assay. However, when non-
purified PGN samples were tested, the absorption at 560nm was higher than expected. This
indicated that proteins were present in the tested samples and were interfering with the
measurement. As a result, it was decided that the calibration curve was not suitable for such

samples and only purified PGN samples were to be tested for sorption onto ceria.

4.3.1.3 Adsorption of PGN onto Ceria-Kinetics

The interaction of PGN with ceria was assessed using the muramic acid assay. After an
equilibration time of 24 hours with small amounts of the mineral in the different electrolytes, a
quantity of purified PGN was added and aliquots were taken at different times in order to evaluate
the kinetics of the interaction. The experiments were run under neutral pH conditions and different
counter ions (proton, sodium and calcium) were included in order to examine if they play any role
in the interaction. An example of the results obtained for the Ceria- PGN systems is presented in

figure 4.7.

No major differences were observed related to the inclusion or the absence of the different
counter ions. The PGN-Ceria with water system seemed to have a more rapid response to the
process (hence, the highest adsorption of PGN onto ceria at time=1min). The Na-mediated
interaction showed the slowest response. Nevertheless, all three systems eventually reached a very
similar maximum sorption capacity. The adsorption of PGN onto ceria was found to reach a

plateau after a 100-120 minutes’ interaction for all three electrolytes at neutral conditions.
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Figure 4.7.Kinetics of adsorption of PGN with Ceria -pH7.

The point of zero charge of ceria ranges from 6.4 — 8.6 (Kosmulsko, 2002; Nolan and
Watson, 2006). This suggests that the mineral exhibits a positive charge below pH 6.4 and a
negative charge above pH 8.6. The adsorption of PGN onto ceria at pH 7, represents the case
where a slightly positive, close to neutral surface is being approached by an overall negatively
charged macromolecule. The protonation state of the main functional groups associated with PGN
is shown in table 4.2. According to the pKa values obtained by potentiometric titrations, carboxylic
groups from PGN at neutral conditions are negatively charged while amine and hydroxyl groups
are positively charged (Tofail, 2012). A spontaneous interaction was therefore expected involving
the slightly positively charged surface and the negatively charged -COOH sites. The fact that no
trends were associated with the inclusion or exclusion of ions in solution further supports the signs
of a spontaneous interaction between two oppositely charged compounds. At this stage, the
kinetics analysis only showed signs of the possible adsorption mechanism with different possible
scenarios arising from the results. Further investigation using more suitable methods was needed in
order to distinguish between the different PGN moieties that were possible candidates to serve as

sorption sites. This was achieved using ATR-FTIR which is described in sub-section 4.2.6.

In general, all three electrolytes successfully mediated the interactions and resulted in
similar adsorption profiles. The high Q values suggested that even though ions were present in

solution with the purified PGN, they did not interfere with the sorption process and the PGN
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interaction with ceria had a kinetic advantage over possible intermolecular reactions involving

charged PGN sites and the ions in solution.

Table 4.2. pKa associated with PGN moieties
pKa Sites Charge atpH 7 Reaction
4.55+/- 0.02 Carboxyl - R-COOH — R-COO" + H*
(glutamic acid)

6.31 +/0.01 Carboxyl - R-COOH — R-COO™ + H"
(diaminopimelic acid)

9.56 +/- 0.03 Amine/Hydroxyl + R-NH;" — R-NH, + H*

or R-OH — R-O" + H*

Kinetic data was analysed using pseudo first order and pseudo-second order models. A

linear fit was obtained for a second order reaction using equation (4.3).
d
d_? =k(Q, — Q)? equation  (4.3)

where Q. and Q; =adsorption capacity at equilibrium and time t respectively (mg g*), k= rate constant

of the pseudo second order adsorption (g mg™ min™).

The linear form of equation (4.3) is shown in equation (4.4). The equations obtained along with the

R? values are shown in table 4.3.

t 1

Lt |
% ng Qe equation 4.4

where k=rate constant of the pseudo second order adsorption (g ml™ min ™)
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Table 4.3. Results of kinetic analysis of PGN adsorption to ceria. R*>0.99

ID Equation R? Intercept Slope Qe=1/m K =1/(CQ¢)
y=Mx+C C=1/kQs M=1/Q,

PGN in: mg g™ g mg* min *
pH7 CaCl, CeO, @ Y=0.102x + 0.032 1 0.032 0.102 9.804 0.325
pH7 water CeO, Y=0.102x + 0.016 1 0.016 0.102 9.804 0.652
PH7 NaCl CeO, = y=0.103x + 0.014 1 0.014 0.103 9.709 0.758

The high values of R? obtained for all systems tested suggested a very good fit on the
pseudo-second order model, examples of which can be found in figure 4.8. In general, it was

observed that the calculated Q. values agreed well with the experimentally obtained values.

PGN -Ceria pH 7
65 Pseudo Second Order
16.000 W PGN-Ceria H*
14.000
12.000
10.000
8.000
6.000 PGN-Ceria
000 ca2t
2.000

0.000
0 20 40 60 80 100 120 140 160 180

® PGN-Ceria Na*

t/q (min g/mg)

time (min)

Figure 4.8. Pseudo second order kinetics for PGN-Ceria at pH 7

4.3.1.4 Adsorption of PGN onto Ceria-lsotherm

The adsorption of PGN onto ceria was tested using the muramic acid assay as described in
sub-section 4.2.5. Due to the limited availability of purified PGN as the starting compound, batch
experiments were run. The experiments were only carried out once hence no error bars could be
included in the analysis. The experiment included the measurement of remaining PGN in solution
after its interaction with the surface in the presence of different electrolytes and at neutral pH

conditions. Neutral pH conditions were chosen in order to examine the interaction close to
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environmental conditions and hence, observe the interaction at the conditions bacteria are usually

found (Tofail, 2012).

The remaining PGN was quantified using the muramic assay. The calculated value of Q.
(mg of muramic acid adsorbed per gram of ceria) was then plotted against the concentration of
muramic acid at equilibrium in order for the best isotherm to be chosen. The Langmuir, the
Freundlich, a modified version of the Freundlich and the Sips isotherms were all tested for
comparison purposes. The Langmuir isotherm resulted in the best fit giving the highest R? values.

Examples of data fitting on the Langmuir isotherm are shown in figure 4.9 and table 4.4.

Tanle 4.4. Langmuir Isotherm for PGN adsorption to ceria

Sample 1D Equation R?
pH7 CaCl, CeO, Y=0.373x+0.017 0.99
pH7 water CeO, Y=0.384x+0.032 0.92
PH7 NaCl CeO, Y=0.443x+0.015 0.85

Langmuir Isotherm for Ceria-PGN sorption

pH 7
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Figure 4.9. Fitting on the Langmuir isotherm of Ceria-PGN with CaCl,

The highest R® values were obtained using the Langmuir isotherm for the cases of calcium
mediated interaction and water mediated interaction. The sodium-mediated interaction resulted in a
lower R? value of 0.85. The results suggested that the adsorption of PGN onto Ceria follows a

monolayer process as described by the Langmuir isotherm. The high R? values obtained, especially
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for the calcium-mediated interaction suggested a linear adsorption of PGN onto the ceria surface.
The isotherm constants were calculated as previously described. A summary of the results is shown

in table 4.5.

Table 4.5. Langmuir model-Results of PGN adsorption to ceria

ID Equation Intercept Slope Qmax K,
1 1 1 1
Q_e - QmaxKl : (C_e> * Qmax
Langmuir co ! . 1 e 1
|SOtheI’m Qmax QmaxKl Qmax - C ! m * Qmax

pH7 CaCl, CeO, Y=0.373x+0.017 0.017 0.373 66.667 0.034
pH7 water CeO, Y=0.384x+0.032 0.032 0.384 58.824 0.046
PH7 NaCl CeO, Y=0.443x+0.015 0.015 0.443 31.250 0.083

The theoretical results obtained for the maximum Q values showed a higher maximum
adsorption capacity for the calcium-mediated interaction. That was further supported by the
kinetics results were the calcium-mediated interaction resulted in a slightly higher mass of PGN

adsorbed onto the surface during the 60-minute period.

Isotherm models are often used to extract thermodynamic parameters as previously
described (sub-section 2.3.3.2.1). Since fitting to the Langmuir isotherm produced the higher R?
values for the sorption of PGN on ceria, the K, constants obtained from the isotherm, were used to
calculate the free energy change of adsorption, AG. A small adjustment to produce dimensionless
values was needed to meet the requirements for 4G calculations (equation (4.5)where K, isin L g*

and 1 L = 1000mL or g since the solution density is ~1 g mI™).

K¢=1000K, equation  (4.5)

Page | 189



Table 4.6. AG for PGN adsorption onto ceria according to Langmuir

ID K, Kg AG (kJ/mol)
pH7 CaCI2 CeO, 0.034 34 -8.000
PH7 NaCl CeO, 0.046 46 -8.674
pH7 water CeO, 0.083 83 -10.044

The resulting negative 4G values (table 4.6) suggest a spontaneous reaction at neutral
conditions when all the electrolytes were used. The results were in the range of physisorption (-40
to 0 kJ/mol) (Bhatt et al., 2012). This supports the hypothesis that PGN structures adsorb onto
ceria surfaces and a further investigation is needed in order to identify the active chemical sites that

allow PGN to interact with approaching minerals.

4.3.1.5 ATR-FTIR of Ceria - PGN interactions

It has been previously suggested that the -COOH groups found in PGN moieties are
responsible for the observed adsorption of minerals (Naumann et al., 1982). In order to examine
whether this was true for the ceria adsorption processes, ATR-FTIR was used to investigate the
functional groups found in interacted and non-interacted samples and to examine if any differences
in the FTIR spectra of the two could provide information on the functional groups involved in the

interaction.

IR spectroscopy was used to characterise the Ceria-PGN complex. Evaluation of the
interaction in a range of pH conditions in order to examine the effect of surface charge on binding
is usually carried out for such processes. Due to the limited availability of purified PGN, tests were

run only at pH7.

Figure 4.10 shows an example of the resulting spectra of a control PGN sample. Clear

sharp peaks were obtained at 1600-1650 cm™, 1540-1550 cm™, 1450 cm™,1400 cm™, 1230-1240
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cm™, 1060 cm™ representing mainly amide and carboxylic functional groups. The observed peaks
correspond to C=0 stretching vibrations from carboxylic and amide groups, N-H bending vibration
and C-N stretching vibration from the amide groups, C-H stretch, C-H bend or C-N and C-O-C
respectively. The results were compared to the work of Leenheer and Rostad (figure 4.11) and
similar peaks were observed in the 900-2000 cm™ range. All the peaks in the range 2500-3500 cm™
have been ignored due to interference by water. A ceria control sample was also tested and no

peaks were observed in the range 900-2500 cm™.

ATR-FTIR Peptidoglycan

Control - pH7

Abs
e,
-

1850 1750 1650 1550 1450 1350 1250 1150 1050 950 850

cm-1

Figure 4.10. ATR-FTIR spectra of PGN control
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Figure 4.11. FT-IR spectra of PGN at pH7measuring absorbance (Leenheer and Rostad, 2004)

Figure 4.12 shows examples of the Ceria-PGN complexes. A different spectrum from that
of control PGN samples was obtained. A small peak at ~1650 cm™ confirmed the presence of C=0
bonds in the sample while a large shift of the 1450 cm™ peak to 1430 cm™ corresponds to the
adsorption of the PGN onto ceria via a combination of carboxylic and amide groups. While PGN
control spectra show small and sharp peaks, it has been previously shown that FTIR analysis of
PGN in salts results in a band broadening of typical carboxylate bands in the 1600 and 1400 cm™
regions (Naumann et al., 1982). That is believed to be due to intermolecular binding mediated by
the ions in solution (i.e. calcium) which increases the vibration and stretching exhibited by the
amine and carboxyl-related bonds. This broadening is strongly observed at the 1440 cm™ region
where a combination of the amide (1534 cm™), the symmetric C-H (1450 cm™) and the symmetric
C=0 of -COO- (1400cm™) is observed. The peak is very broad which suggests that the mentioned
bands were covered within the one peak observed in the spectra. The peak at 880 cm™confirms the

presence of reacted CeO, which has been covered by NOs™ (with a small shift from the 834 cm™

usually observed for the asymmetric stretching mode of the nitrate group (Viveket al., 2016)).
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ATR-FTIR PGN interactions with Ceria
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Figure 4.12. ATR-FTIR spectra of Ceria- PGN

Peaks were observed in the range of 1050-1200 cm™ which are not visible in figure 4.12
due to the large absorption difference at 1430 cm™. The same peaks at 1050, 1070 and 1150 cm™,
related to complex sugar ring modes are observed in all control and Ceria-PGN systems

confirming the presence of PGN-related functional groups in the PGN-Ceria complexes.

The shift in the -COOH and amide related bands confirms the binding via the carboxylic
and amide groups which was previously proposed by several research groups. This indicates that
under environmental conditions where the pH is close to 7, interactions between the —-COOor the

N-C=0 groups and the positively charged-close to neutral ceria surface would take place.

4.3.2 Adsorption of PGN onto europium oxide
4.3.2.1 ATR-FTIR of europium oxide - PGN interactions

Due to the limited availability of purified PGN starting material, only IR spectroscopy was

used to characterise the europium oxide- PGN complex.
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According to the point of zero charge of europium oxide (pH=5), the mineral is negatively
charged under neutral conditions. At the same time, PGN has both negatively and positively
charged moieties as proposed by the pK, values obtained for -COOH and amide from bacterial

origin.

Figure 4.10 shows an example of the resulting spectra of a control PGN sample. Clear
sharp peaks were obtained at 1600-1650 cm™, 1540-1550 cm™, 1450 cm™,1400 cm™, 1230-1240
cm™, 1060 cm™ representing mainly amide and carboxylic bands. The observed peaks correspond
to C=0 stretching vibrations from carboxylic and amide groups, N-H bending vibration and C-N
stretching vibration from the amide groups, C-H stretch, C-H bend or C-N and C-O-C respectively.
The results were compared to the work of Leenheer and Rostad (figure 4.11) and similar peaks
were observed in the 900-2000 cm™ range. All the peaks in the range 2500-3500 cm™ have been
ignored due to interference by water. A europium oxide control sample was also tested and no

peaks were observed in the range 900-2500 cm™.

Figure 4.13 shows an example of the europium oxide-PGN complexes. A different
spectrum from that of control PGN samples was obtained. A small peak at ~1650 cm™ confirms the
presence of C=0 bonds while a large shift of the 1450 cm™ peak to 1430 cm™ corresponds to the
adsorption of the PGN onto europium oxide via a combination of carboxylic and amide groups.
FTIR analysis of PGN in salts results in a band broadening of typical carboxylate bands in the
1600 and 1400 cm™regions (Naumann et al., 1982). This broadening is observed at the 1440 cm™
region where a combination of the amide (1534 cm™), the symmetric C-H (1450 cm™) and the
symmetric C=0 of -COO- (1400cm™) is observed. The peak is very broad which suggests that the
mentioned bands were covered within the one peak observed in the spectra. The shift from 1640
cm™ to 1650 cm™ confirms the presence and involvement in the sorption process of C=0 groups
while the peak at ~880 cm™ confirms the presence of reacted Eu,O3 covered with NO3™ (with a
small shift from the 834 cm™ usually observed for the asymmetric stretching mode of the nitrate

group (Vivek et al., 2016)).
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Figure 4.13.ATR-FTIR spectra of Europium oxide- PGN at pH7

The results are almost identical to the FTIR spectra of ceria-PGN complexes. This is due to
the absence of any ceria or europium-related bands which are usually found below the 900 cm™
range. Thus, no real distinction between the systems can be made using the spectra but the
presence of PGN-related peaks in both spectra in combination with the results obtained from zeta
potential analysis and sorption behavior indicate that an adsorption process has taken place.
Additionally, the broad peak in the 1450 cm™ range is indicative of intermolecular binding
involving -COOH and amide groups present in PGN. This is further supported by the small pH-
dependent changes in zeta potential values obtained for the Ceria-Ca®* controls. The results
indicated that intermolecular binding with calcium ions reduces the surface charge and increases
molecule aggregation, most likely due to conformational changes exhibited by the PGN
macromolecules. Combining the two results, a question arises on whether -COOH groups are
available for binding when calcium ions are present in solution. This cannot be answered by
examining the spectra but the successful sorption behavior and the linear fit obtained using the
Langmuir isotherm indicates that sorption did take place and the limited availability of -COOH in
combination with amide groups present in PGN were able to promote binding on the minerals.

Therefore, it is proposed that the presence of calcium ions contributes to modifications of the PGN
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surface making it available for sorption to ceria. This behavior is similar to the sorption profiles of

LPS, where the calcium ions seem to mediate the sorption of the mineral surfaces studied.

Peaks were observed in the range of 1050-1200 cm™ which are not visible in figure 4.13
due to the large peak observed at 1430 cm™. As in the case of Ceria- PGN complexes, the same
peaks at 1050, 1070 and 1150 cm™ were observed in all cases confirming the presence of PGN-

related functional groups in the PGN- Eu,03; complexes.

At pH 7 (environmental conditions), PGN possesses negatively charged -COOH groups
which would enable electrostatic interaction with positively charged minerals with point of zero
charge (p,) higher than pH 7, such as ceria and thoria (p,=8). However, such an electrostatic
interaction is unlikely for minerals with p,.<7 like europium oxide or urania (p,.=5) which suggests
that the PGN moieties used an alternative mechanism for adhesion compared to the one used for
bonding on ceria. Shifts relating both -COOH and C-NH, groups suggest a synergistic effect of the

two functional groups that mediated the sorption of PGN onto europium oxide.
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4.4 Conclusions

Here the interaction of PGN from bacterial origin with two different nuclear-related
oxides: ceria and europium oxide is considered. This work has been the first to examine the
interaction of PGN with the mentioned surfaces and a review of the current literature suggests that

there has not been any other published work similar to the one presented here.

Tests on ceria confirmed that PGN interacts with the surface under varying electrolyte
conditions and neutral pH. Colorimetry confirmed the attachment of the biopolymers to the oxide
surface after a 160-minute interaction. The results indicated the involvement of two different
functional groups in the sorption process: -COOH and amide. Previous studies have related these
groups with the -COOH functional group of diaminopimelic acid, the -COOH functional group of
glutamic acid and the amide groups found in the peptide component of the PGN molecule. Our
results agreed with previously published data that showed specific adsorption mediated by the
three functional groups (Tofail, 2012). Sodium and protons (represented by water) tested in
solution showed similar effect on the adsorption of PGN on ceria when those were tested under
neutral conditions. Additionally, zeta potential results showed intermolecular binding mediated by
calcium ions. The Langmuir model was used to examine the sorption behavior of PGN and a linear
fit was obtained, suggesting a mono-layer adsorption of the molecule on ceria under neutral
conditions. These results further supported the successful binding of PGN on the surfaces even if
the FTIR spectra could not be used to examine the possibility of intermolecular binding inhibiting

the sorption process by limiting the available -COOH groups.

Ceria was used as the analogue of urania and thoria in order to examine whether PGN
could adsorb onto the surface. The adsorption was proved successful suggesting that PGN-like
polymeric substances could be used for binding and removal of particles from solution in
bioremediation processes. These results were similar to those obtained from mycolic acid (MCA)
interactions with minerals which suggests that -COOH holding molecules could be used to

promote treatment of nuclear waste as well as biomining processes.
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Even though only a small amount of PGN was available and could only be used to obtain
preliminary results on the sorption profile of the molecule, the presented findings agreed with the
work of others and could be used to explain observations that were not previously understood. One
such example is the observed penetration of ions in Gram negative bacteria up to the PGN layers
(Glasauer et al., 2001) which is now believed to be controlled by interactions with the PGN
moieties. The fact that all our tests on PGN sorption on ceria agreed and provided a single profile
for the sorption process provides the confidence that the results reported here are very close to the
true values. However, this work should be continued and more repetitions should be carried out in
order to confirm the results and show that the sorption of PGN on ceria can be described with

accuracy and in detail.
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Computational Simulation
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5.1 Introduction

The previous chapters have described the experimental studies carried out during this
project to measure biomolecule adsorption onto mineral surfaces. This chapter covers the
modelling work that was carried out in order to explore such phenomena at the atomic level.
Experimental and computational results are compared and reasons on possible differences are
explored. This chapter is a continuation of the studies exploring the adsorption of mycolic acid

onto ceria (chapter 3).

5.1.1 Simulations of Mineral-Organics systems

Molecular Dynamics and other computational techniques have been used to describe
biomineralisation processes. Even though this specific project is not examining the
biomineralisation process itself, techniques used for such cases were proven extremely useful as

usually the biomineralisation process includes an organic-inorganic interface.
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5.1.1.1 Simulation of Biomineralisation Processes

The Chemical Reviews article by J.H. Harding et al. in 2008 summarises a series of studies
on computational techniques used for the organic-inorganic interface and specifically biologically
controlled biomineralisation (Harding et al., 2008). Many studies were included in the review with
some of them being closely related to this project. The interactions of polysaccharides with calcite
by Perry et al. (Perry et al., 2007) and the simulation studies of adsorption of peptides on titania by
Sushko et al. (Sushko et al., 2006) both looked at the interaction of inorganic surfaces with organic
molecules of similar sizes with the ones examined in this project. According to the authors, an
important question in cases of large organic molecules that contain more than one functional group
is whether the interaction depends on the types of functional groups present, their sequence or their
density. Another question that was raised was how the inclusion of water affects the simulations,
especially when those are compared to real systems. The importance of water models was
underlined as it has been previously proved that water layers can affect molecular bonding to the
surface and the dynamics of the system (Harding et al., 2008). In many cases, hydrogen bonding
and hence water molecules may not allow the interaction between the mineral surface and the
approaching organic molecule. This was not taken into account in a few published studies
(Harding et al., 2008). The differences between excluding and including water in the system were
studied by Yu et al. who proved that the presence of water molecules can alter the behavior of the
organic molecules in the system (Yu et al., 2003). Freeman and Harding also described the entropy
associated with the binding of mannose and methanoic acid onto calcite surfaces in the presence of
water (Freeman and Harding, 2014). The number of water molecules included in a simulation was
a key element of the interaction for most of the cases, something that was shown again by Kerisit
et al. who studied hematite and calcite surfaces in contact with an aqueous solution (Kerisit et al.,
2005). The behavior of the surfaces and the role of water was extensively described. Spagnoli et al.
also showed that water molecules control the distribution of ions close to inorganic surfaces,
suggesting a change of the resulting energetics when ions are introduced in the system (Spagnoli et

al., 2006).
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Another important point that was raised was how efficient the force fields chosen in
relation to the individual studies are, as Harding et al. pointed out that several cases of studies on
the organic-mineral interface included inadequate force fields (Harding et al., 2008). This is one of
the most important issues that researchers have to overcome as the existing force fields can only be
used for a range of applications and new force fields have to be developed for more complex

systems.

Computational studies on biomineralisation have been quite general and mainly depended
on the individual researcher or research group that was undertaking the study as no general method
existed for such processes. The use of existing potentials for each component taking part in the
interaction to produce a ‘cross-term ‘was suggested as a generic method for investigation of the
biomineralisation process through computational methods (Freeman et al., 2007). In addition, the
simulation of a surface of calcite interacting with an ovocleidin protein in several different
configurations by Freeman et al. could be taken as an analogue of the simulation of the nuclear-
related material tested in this project and one of the biological macromolecules of concern

(Freeman et al., 2011).

Two recent papers published on simulations of interactive mechanisms between uranyl
ions and matter are (a) the work of Sebbari et al. who showed that temperature affects the nature of
the surface species and the interaction of uranyl ions with TiO,surfaces, a very important
observation when it comes to nuclear waste disposal routes and deep geological repositories
(Sebbari et al., 2012) and (b) the work of Leung and Nenoff on hydration structures of U[IlI] and
U [IV] ions. The outcome of this last work was that inclusion of hydrolysis effects when U[l11] and
[IV] are studied is vital, as it was proved that the extend of hydrolysis plays an essential role in

interactions including either species (Leung and Nenoff, 2012).
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5.1.2 Simulation of Inorganic surfaces

Ceria, CeO, is one of the most frequently used analogues for plutonium and uranium
oxides due to its fluorite structure and the range of oxidation states it can adopt. Hence, many
experimental studies have involved ceria instead of any of the radioactive analogues to make the
procedure safer for the researchers. Due to the large amount of experimental data available, ceria
has been frequently studied using computational techniques for comparison purposes (Yang et al.,
2010). There is a variety of articles available in literature involving ceria including the work of
Baudin et al. who described the molecular dynamics of 20-30 A thick ceria slabs for the (111),
(011) and (001) surfaces (Baudin et al., 2000). Sayle et al. studied the behavior of ceria particles in
water using molecular dynamics and compared that with the behavior of the particles in vacuum.
The authors concluded that the reactivity of ceria varies depending on the environment the
particles are tested in (Sayle et al., 2013). This underlines once again how important it is to include
models of water molecules in the simulations, especially when an attempt is made to mimic
environmental systems. The potentials used in the last article can be used to simulate surfaces with

water molecules and an organic molecule to represent the macromolecules examined in this study.

Urania, UO, has also been studied using computational techniques, especially for
investigation of oxygen and hydrogen diffusion in the structure. This came as a result of the
extensive usage of the mineral in nuclear power reactors in the form of rods (nuclear fuel).
Extended research has been carried out especially from computational sciences as knowledge on
the characteristics of urania was proved essential in terms of safety and reactivity related to nuclear
power. Chen et al. in 2010 studied the hyper-stoichiometric form of UO,.,. which is observed due
to possible diffusion of oxygen in urania (Chen et al., 2010). In the same year, Fayek et al.
examined not only oxygen but also hydrogen diffusion in urania and described the two most likely
diffusion mechanisms associated with each element (Fayek et al., 2010). Another publication by
Skomurski et al. also reported the observed oxygen diffusion in hyper-stoichiometric uranium

oxide. (Skomurski et al., 2007).
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5.1.3 Objectives

The aim of the modelling work was to examine the interaction between Ceria as a nuclear
related material and mycolic acid at pH 7 in the presence of Na*. This system is considered a good
representation of the potential surface interactions between the biomolecule and the system. Other
pH and ionic strength values were not included due to limitations on time available for these
calculations. The results obtained are compared to the experimental systems presented in Chapter

3.

The reason mycolic acid was chosen was due to the size of the molecule and the number of
functional groups that the molecule contains which is ideal when the interaction is examined at the
atomic level. Mycolic acid contains one main carboxylic acid group. Compared to LPS and
peptidoglycan that are both complex molecules with a large number of functional groups, the
simulation of mycolic acid is much simpler and does not require long simulation times and high

computational costs to examine.

The initial thought was to examine the interaction of urania with mycolic acid because due
to the radioactivity of the mineral, no experiments could be carried out to test the interaction.
Unfortunately, no modelling work was identified with a suitable force field for the inclusion of
water interactions in a urania model. This suggested that ceria would serve better the purposes of
this project. Since ceria was also used for the experimental part of this work, modelling of the same

systems would fit well with those results.
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5.2 Materials and I\/Iethods1

In order to mimic the natural system, MD simulations were performed on modelling sets
that included a block of (110) ceria slabs, one pseudo - mycolic acid molecule of acidic pH and

2100 TIP3P water molecules.

1 All the input files for the modelling runs were created by Dr Shaun Hall and Dr Colin Freeman
under the supervision of Prof John Harding. The simulations were run and the results analysed by Lygia
Eleftheriou under the supervision of Dr Colin Freeman and Prof John Harding.
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5.2.1 Ceria modeling

The ceria slabs were constructed using the method of Sayle et al. (Sayle et al., 2013) and
the starting model is shown in figure 5.1. The initial potentials as suggested by Sayle et al. were
based upon the Born model where the energy of the system, U, is given by equation (5.1).

1 ((Qi)(QJ')) 1 —Tij (-6) .
U(Tij) = 52 [m + EZAexp (T) — Crij equation  (5.1)

The first summation represents the Coulombic interactions between ions i and j (that are
carrying charges Q; and Q; respectively) which are distance rj; apart. The second summation
represents the short-range interactions using the Buckingham potential which is often used for

ionic solids. The potentials suggested by Sayle et al. are shown in table 5.1.

Table 5.1. Sayle potentials for modelling of ceria slabs. Adapted from Sayle et al., 2013

Atom i Atom j A (eV) P(A) CVA) Cut-off (R)
O O 22764.3 0.149 27.89 10.0
0 Ce (IV) 1986.83 0.351 20.40 10.0
o) Ce(ll1) 1731.62 364 14.43 10.0
Atom Mass (amu) Charge (e)

o) 16.00 -2

Ce (1V) 140.12 +4

Ce (I11) 140.12 +3

Since the ceria was intended to exist in a system with one organic molecule and a high
number of water molecules, new potentials were needed to account for the interactions between the
cerium atoms (Ce), the oxygen of the ceria (Oc) and the organic atoms (C for carbon, Oh for

oxygen attached to organics, Hc for hydrogen attached to organics) as well as the ions (NA for Na*
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ion in solution) and the water atoms (OW and HW for oxygen and hydrogen respectively). In order
to deal with this, a generic method to produce cross term potentials was used as described by
Freeman et al. (Freeman et al., 2007). More precisely, the Schroder method was performed using
the existing potentials for the Ceria mineral (Sayle et al., 2013) and a Ce-Oh cross-term potential
was scaled according to the method described by Freeman et al.(Freeman et al., 2007).A 12-6
Lennard-Jones potential was fitted to the values given in the Sayle work to create cross potentials
of the Oc to organics interaction and lastly, the ceria potentials as given by Sayle et al. were scaled

to accommodate the NA-Oc interactions. All the final potentials are given in appendix 18.
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Figure 5.1.The Ceria model shown from different angles.

5.2.2 Mycolic acid modeling

In order to avoid long simulation times and high computational costs, a ‘pseudo’ (shorter)
form of the natural biomolecule(mycolic acid) was constructed (Milano et al., 2013; Lyubartsev
and Rabinovich, 2010; Muller, Katsov and Schick, 2006; Riniker, Allison and van Gunsteren,
2012). Since the molecule consists of long carbon chains and very few functional groups, the
structure was cut at the sides in order to limit the number of carbons present but kept all the

functional groups in a configuration as close to the original molecule as possible (figure 5.2). The
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final structure was similar to that used by Hong and Hopfinger who constructed and presented a
model of the Mycobacterium tuberculosis cell walls and included a shorter form of mycolic acids
(Hong and Hopfinger, 2004).The structure consisted of 30 carbon atoms with their respective
hydrogens, the carboxylic acid end group along with a hydroxyl group at the same positions these
are found within the original molecule (figure 5.2).The modelled molecule was constructed using
the AVOGADRO (Hanwell et al., 2012) and VESTA (Momma and lzumi, 2011) programs and all
atomic charges were calculated using AMBER Antechamber (Weiner et al., 1984). The molecule
was energy-minimised and the pH was set to 7 in order to examine an interaction where the
molecule is charged [(pKa of -COOH groups varies between 1.73 and 4 (Bray, 2012)]. A Na*ion
was added to ensure that the simulation cell had an overall charge of zero and to test whether the

inclusion of positively charged ions affects the interaction.

Figure 5.2.The model of (pseudo-)mycolic acid constructed with
shorted carbon chains (grey) but retaining the -COOH and -OH

(red) functional groups of the original molecule.

The organic and water molecules along with a Na* ion were packed together randomly
using the Packmol code (Martinez et al., 2009) and placed on top of a ceria slab with a surface area
of 32.83 A x 44.63 A and 20 A depth. The dimensions of the box were chosen so that the organic
molecule would have just enough space to stretch (even though it wasn’t expected to ever adopt a
perfectly linear configuration) and to ensure a density of water of 0.99 g cm™. In order to
understand the energetics of the system, several simulations were run including: (i) all components

in a box, (ii) only ceria and water, (iii) only organic and water. Two separate simulations that
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included all components in a box were also run: (a) with the -COOH functional group of the
organic molecule being in a distance of < 3 A from the surface (close) and (b) with the -COOH
functional group of the organic molecule pointing upwards with a distance >5 A from the surface
(far). Simulations were also tested for the Na* being away or close to the -COOH functional group

or the surface for an evaluation of the role of ions in solution.

5.2.3 Simulation Parameters

The Molecular Dynamics package DL_POLY Classic (Todorov et al., 2006) was used for
all simulations. All systems were firstly equilibrated to allow for a smooth production run for 1.0
ns with a time step of 0.2 fs, using an NVT ensemble with a Berendsen thermostat (relaxation time
of 0.1 ps) at a temperature of 300 K. After the equilibration, a production run took place for 1ns
and data were collected to obtain the adsorption energies at 300 K. A cut-off at 12 A was also used

and the results were processed with the program DL_Analyser_1.2 (Yong, 2014).
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5.3 Results and Discussion

5.3.1 Structure of Ceria

The bulk ceria slab was in good agreement with the ceria slabs constructed by Sayle et al.
(Sayle et al., 2013). The RDFs obtained for both the solvated and the non-solvated ceria were
almost identical indicating that water did not disrupt the structure of ceria (figure 5.3). The Ce—Ce,
Ce—0 and O-O radial distribution functions were used to assess the long-range order of the particle

(only Ce-Ce shown here).

45

30
= |
= —— Ceria_only

—#— Ceria_solvated
15
p—
2 5 8 11
Interatomic Ce-Ce separation (r)

Figure 5.3. Ce—Ce Radial Distribution Functions calculated for solvated ceria (red) compared to the
vacuum simulation of the same slabs (blue). Interatomic separations are shown in A.
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5.3.2 Simulation binding energies

The adsorption energies of the pseudo- mycolic acid onto the ceria surface were calculated
with respect to the water solvated slab and the water-solvated-pseudo-mycolic acid simulations

where:

Ubinding = Uwater+ceria+mycolic acid— [Uwater+ceria+Uwater+mycolic acid] + Uwater

equation  (5.2)

and U refers to the total configurational energy of each solvated system. This method is widely
used in studies involving adsorption of organic molecules to surfaces and the results are often
compared to experimental results, such as energy/force calculations carried out with Atomic Force
Microscopy (AFM) or Scanning Electron Microscopy (SEM). The adsorption energies as

calculated with Molecular Dynamics are shown in table 5.2,

Table 5.2 Calculated values for the energy of adsorption (Uyinging) Of pseudo-mycolic acid onto the
surface of (110) ceria.

System ID Ubinding (KJ/mol)
Uwater+Ceria+mycoIic acid (ClOSG)- (Uceria-water+ Uwater+mycolic acid) + Uwater -11.598
Uwater+Ceria+mycoIic acid (far) - (Uceria—water+ Uwater+myco|ic acid) + Uwater 61.32

Interestingly, when the starting configuration locates the -COOH group of the biomolecule
closer to the ceria surface (case close), a strong attraction between the ceria slab and the molecule
is observed, which could be explained by the fact that the molecule no longer has to overcome the
layers of water that are present in the first example (case far). In order to start with a short distance
between the surface and the molecule and avoid disruption by the water, a vacuum simulation was

run with the surface and the molecule before the inclusion of water. That ensured that the molecule
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would have the time and energy to approach the surface without energy barriers.

Figure 5.4.The binding of mycolic acid onto

ceria when starting at <3A away from surface.

Figure 5.5. Repulsion of mycolic acid from

surface when starting >5 A from surface

The effect of the tightly-bound water can clearly be seen in the two configurations
observed. As shown in figures 5.4 and 5.5, the -COOH group of the pseudo-mycolic acid can only
adsorb onto the ceria surface when its starting position is closer to the surface while the opposite
situation results in repulsion of the molecule. This calculation includes only the enthalpic
contribution (strictly speaking the configurational energy contribution) and ignores the entropic
contribution of the system. However, as the macromolecule is approaching the surface, the highly
ordered water layers are disrupted which suggests that there will be a non-negligible entropy
contribution. This contribution has been estimated by Freeman and Harding for the case of binding
of mannose and methanoic acid onto the (104) calcite surface. According to the authors, the
entropy of binding for surface water molecules is ~6 J per mol per K (Freeman and Harding,

2014). The possible effects of this term are further discussed in sections 5.4 and 5.4.1.

The force field used for this project did not include any hydroxylation of the surface but a
very strong attraction of the water molecules by the surface was observed. This attraction explains
why the pseudo-mycolic acid was unable to overcome the water layers when the molecule's
starting distance from the surface is higher than 3 A and a repulsion of the -COOH group from the

ceria slab is observed (figure 5.7-far).
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(fig. 5.6) Starting configuration with -COOH (fig. 5.7) Starting configuration of -COOH
functional group of pseudo-MCA < 3 A away functional group of pseudo-MCA > 3 A away from
from surface with/without H,O. (close) surface. (far)

(fig. 5.8) Final configuration of pseudo-MCA < 3 (fig 5.9): Final configuration of -COOH functional
A away from surface without H.O. group of pseudo-MCA >3 A away from surface.

Figures 5.6-5.9. Starting and final simulation configurations Ceria-pseudo-MCA- water
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5.3.3 Effect of ions in binding

The Na" ion used in the simulation to examine a non-charged system was also chosen in
order to evaluate whether or not the inclusion of ions plays a role in the interaction and how that
affects the overall binding process. The results indicated that the inclusion of the ion did not play

an important role (figure 5.10).

Figure 5.10.The role of Na ion. The ion (blue) is found
away from the -COOH group of the organic molecule
and strongly bound on the surface of ceria.

The final position of the ion suggests a strong interaction with the surface but not with the -
COOH of the molecule. This result was quite surprising as similar interactions were previously
found to involve the 'bridging' of the molecule to the surface via a charged ion as shown in figure

5.11.

Figure 5.11.The bringing effect of Ca* ions in the
binding of DNA to Silica. Ca cations act as bridges
between O (silica) and O (phosphate-DNA). (Colin
Freeman, Univ. of Sheffield, pers. comm.)
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5.3.4 Comparison to experimental results

The experimental set-up designed to examine the interaction between ceria and mycolic
acid (chapter 3) included the introduction of mycolic acid dissolved in chloroform in a solvated
sample of ceria that had been previously left to equilibrate for 24 hours. Due to the density of
chloroform being higher than that of water, the organic layer was removing the bulk water
molecules. Hence, the organic layer was easily located on top of the tested surfaces. Additionally,
the use of chloroform increased the solubility of the MCA carboxylic end in water. That is due to
the increased polarity exhibited by the molecule when the organic solvent was introduced. This
enhanced polarity resulted in an increased availability of the carboxylic -OH groups which could

now undergo hydrogen bonding.

The simulated system was also equilibrated to allow for a close comparison with the
experimental system but chloroform was not included in the simulation due to difficulties that arise
from the addition of large numbers of atoms in the simulation box. High computational costs and
expenses related to the extra molecules (Milano et al., 2013; Lyubartsev and Rabinovich, 2010;
Muller, Katsov and Schick, 2006; Riniker, Allison and van Gunsteren, 2012) did not allow for the
addition of other than the ceria, sodium ion, water and pseudo mycolic acid models in the
simulation box but a different approach was chosen to examine what happens in the presence of

chloroform.

In order to mimic the behavior of chloroform without any additional molecules in the
simulation box, two different simulations were tested. In the first simulation box, the interaction
between the organic molecule and the approaching surface was tested with a small starting distance
between the organic molecule and the surface (to mimic the inclusion of chloroform that repels
bulk water) and in the second simulation box, the organic molecule and the ceria were put far away
from each other (to mimic the exclusion of chloroform and hence, the presence of bulk water

molecules between the surface and the organics).
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As described in chapter 3, the Langmuir, Freundlich and the Sips models were used to
evaluate the behavior of the mycolic acid binding onto ceria and other surfaces. According to the
R? values the Sips isotherm which represents a combination of the Langmuir and the Freundlich
models produced the most accurate fit. The standard free energy change for each system was
therefore calculated using the Sips isotherm which when approaching a low n value reduces to
Freundlich, while at high n values, it predicts the Langmuir monolayer sorption characteristics
(details on equations in chapter 3). The standard free energy change of adsorption of each system
as calculated from the experimental methods is presented in table 5.3. The comparison is closest
between theory and experiment for the results at pH 7 in the presence of Na* ions. The simulation
binding energy is -11.598 kJ/mole whereas experiment gives -16.485kJ/mole. This comparison
seems reasonable since for both theory (pH 7) and experiment (pH 7) the mycolic acid will be
ionised (Brey, 2012). However, there are a number of issues with making such a comparison that

require discussion.

Table 5.3. AG calculations for MCA adsorption onto ceria
according to Freundlich for Sips (n=0.4)

ID K. AG (kJ/mol)
pH7 CaCl, CeO, 1.751 -16.981
pH3 CaCl, CeO, 1.459 -16.566
PH7 NaCl CeO, 1.408 -16.485
pH10 NaCl CeO, 0.571 -14.433
pH3 NaCICeO, 1.459 -16.566
pH10 CaCl, CeO, 0.827 -15.275
pH10 water CeO, 0.545 -14.327
pH7 water CeO, 1.094 -15.911
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The first issue is the nature of the surface of ceria. For computational simplicity, the (110)
surface was studied (attempts were made to study the (111) surface but encountered technical
difficulties). Even though the (110) surface was chosen for computational reasons, it was expected
to be significantly more reactive than the more stable (111) surface. Hence, the binding energy of
the simulation was expected to be different than the experimental energy. An example of a study
showing the difference in reactivity of the ceria surfaces came by Meif8ner et al.(2015) who tested
the interaction of all (100), (110) and (111) ceria surfaces with silane molecules. The organic
molecules were found to exhibit stronger sorption onto the (111) ceria surface compared to the
(110) surface which supports the hypothesis that the different surfaces would result in different

adsorption of organic molecules (Meil3neret al., 2015).

In order to examine the stability of the (100) and (110) ceria surfaces, Zhou et al. (2007)
synthesised and studied a single crystalline ceria nanorod with higher than the usual percentage of
the (100) and (110) surfaces through a solution based hydrothermal method. These are more
reactive than the (111) surface but both (100) and (110) surfaces were rapidly deactivated. This
was ascribed to hydroxylation resulting from interaction of the surfaces with the reaction products
(Zhou et al., 2007). This assertion is supported by two sets of ab initio simulations. Molinari et
al.(2012) showed that water 'spontaneously’ splits and the resulting H and OH are found strongly
bound to the ceria (110) surface at which the dissociated state of water is the most stable. This
suggests that once the water molecule is broken, the surface will no longer be chemically active as
a very stable hydroxylated surface is formed (Molinari et al., 2012). Freunte et al. supported the
above observation and calculated an adsorption energy of 4.57 eV for the water-ceria (110)
interaction. As the authors explain, the 'high surface activity can be attributed to the specific
position that O and Ce atoms occupy on this surface' (Fuente et al. 2012).The results of Molinari et
al. were quite different from those of Fuente et al. as the calculated adsorption energy of water was
found to be -1.12eV (Molinari) compared to -4.57 eV (Fuente). Even though the ceria models of
the two calculations were different in geometry (with Fuente using a larger surface and fewer

layers) the difference in adsorption energy is quite high and suggests that at least one calculation is
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exaggerating the effect. In addition, none of the two studies considered the interaction of bulk
water with the surface. Nevertheless, the calculations of Molinari et al.(2012) showed a strong
dependence of the dissociated state on coverage and resulted in an estimate of the energy of
adsorption of water molecules (non-dissociated). These were -0.85 eV for the isolated case and -
0.76 eV for the 1ML case (where 1ML coverage equals 4.69 H,O/nm?). These calculations
underline once again that (110) surface hydroxylation is quite likely and the dissociation of water
molecules should always be considered when the (110) surface is to be tested. Great attention
should also be given to calculations related to non-dissociated water molecules because they are

likely to over-estimate binding onto ceria.

Small differences in the resulting energies from computational versus experimental works
were also associated with the fact that the entropic contribution has been ignored in the modelling
work while the experimental free energy describes the total energy calculated from the isotherms.
In order to calculate the associated energy, the disruption of water molecules needs to be taken into

account by calculating the Helmholtz free energy, A, according to equation (5.3).
A=U-TnS equation  (5.3)

where U is the energy of adsorption (Upinging), T is the temperature, n is the number of water molecules
displaced from the surface by the adsorbate and S is the entropy.

It should also be remembered that the simulations were performed on smaller molecules
than the experiment. In order to avoid long simulation runs in terms of time and money, a shorter
version of the organic molecule was constructed and tested while the actual experiment involved
the full length molecule. The simulated model included a much smaller number of atoms which
were involved in the binding to the mineral. For the experimental systems, where a much larger
polymer is involved, more parts of the macromolecule were available to interact with the mineral.
Here, it is also important to consider the existence of all three different types of mycolic acids
which are made up of different functional groups that may play a role in the molecule's

interactions. The simulation included a version of the alpha mycolic acid which is the most
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commonly found form while only a small percentage of the rest of the forms can be found in a
natural mycolic acid sample. The three major mycolic acids known are: (a) alpha mycolates, (b)
methoxy-mycolates and (c) keto-mycolates (shown in figure 5.12). Each form of mycolic acid
contains the -COOH functional group tested in the simulation but the methoxy and the keto
mycolic acid forms also include a -OCH; and a C=0 (keto) groups respectively that are possibly
contributing in interactions of the molecule with approaching surfaces due to the existence of the

highly reactive oxygen atoms.
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Figure 5.12. The three different forms of mycolic acid

It is also known that polymers can adapt different configurations while in solution
depending on the conditions, the pH and the adsorption mechanism. According to Gurumoorth and
Khan(Gurumoorth and Khan, 2011), polymers can adapt three different configurations while
adsorbing onto a surface as shown in figure 5.13. Depending on the functional groups available,
the polymer can either form a tail, with only one functional group approaching the surface and the

rest of the molecule floating in solution or make a 'loop' and a train where the molecule is
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approaching the surface through different functional groups and hence is being attached at multiple

sites.

Tail LIFGP Train
/

Figure 5.13 The different modes of polymer adsorption onto

surfaces ( Gurumoorth and Khan, 2011).

The longer mycolic acid included in the experimental isotherms will exhibit these modes
of adsorption upon approaching the ceria surface, whereas the shorter pseudo-mycolic acid used in
the modelling studies will not be able to adopt all these conformations. Hence, the computational
models will only reflect part of the adsorption of the molecule and this will result in different

energy estimation.

Furthermore, one of the main conclusions drawn from the comparison between
experimental and computational results was that both systems showed no preference on the ions
included which suggests that the interaction is not mediated by ions in solution, thus the presence
of ions does not influence the process. This is particularly important in highly saline conditions

such as salt rock or marine conditions which will not affect the reaction.

To summarise the comparison between the experimental and computational results, it was
evident from both that the interaction between the ceria surface and the mycolic acid would take
place mainly under acidic or near neutral conditions, with no effect of the ions present. The

computational results suggest that the interaction will only take place if water molecules can be
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removed before the binding with the organic molecule or if the water molecules are inserted in the
system after the binding of the organics with the surface. As shown with the simulation where the -
COOH group of the mycolic acid was more than 3 A far from the surface, the molecule was unable
to overcome the water layers located between the -COOH and the ceria and hence, no bonding
could occur. On the experimental set-up, the inclusion of chloroform for the dissolution of the
mycolic acid prior to its injection to the ceria samples ensured that a hydrophobic 'capsule’ was
holding the organic molecule. This chloroform ‘capsule’ was protecting the organics from the bulk
water molecules present in the system and allowed the interaction with the ceria by removing the
water layers sitting on top of the surface. This suggests that the simulations were actually a
representation of the experimental systems with and without the inclusion of chloroform: the
simulation marked as ‘close' represented the case where chloroform was used and the simulation
marked as ‘far' represented the case where chloroform was not used (or was unable to overcome the

water layers).
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5.4 Conclusions

This chapter covered the modelling work that was carried out in order to explore the
binding of mycolic acid onto ceria at the atomic level. Experimental and computational results
were compared and reasons explaining the observed differences were explored. It was found that
binding of mycolic acid onto the surface of ceria is favorable when simulations are started with
less than 3 A distance between the organic molecule and the surface. Na* ions were found located
away from the -COOH group of the acid suggesting no role in the binding between the organic
molecule and the surface. The -COOH group of the organic molecule was found to be the
functional group responsible for the observed binding. The above observation was absent when the
molecule started at a distance higher than 3 A from the surface. In that case, the molecule was
moving away from the surface, mainly due to water layers between the organics and the surface
that do not allow the adsorption of the organics on ceria. This suggests an energetic barrier induced
by the water molecules that control the binding of the hydrophobic mycolic acid on the surface of

ceria.

In terms of natural systems, the hydrophobicity of the organic part and the overall non-
polar character of the molecule suggest that mycolic acids are not the biomolecules responsible for
the sorption processes involving bacteria and minerals. Water molecules are widely available in
environmental samples which suggests that mycolic acids would have to overcome the energetic
barrier induced by the water layers, something that would not be easily achieved as shown by the
results of the calculations. Also, in order for a sorption process to occur, the -COOH functional
group of mycolic acids would have to be available for interactions which is only true for free
mycolic acids due to cell lysis. This however, is not the case for bound mycolic acids within the
bacterial cell wall of the Mycolata members as those are strongly attached to peptidoglycan
through arabinogalactan moieties and hence, unavailable for interactions with approaching
minerals. Further discussion on the natural systems and the mycolic acid interactions is found in

the next sections.
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General Discussion

It is generally admitted that the main factor affecting the mobility of uranium in the
environment is its oxidation state. Micro-organisms catalyse both the oxidation and reduction of
uranium and other elements which is an important ability, especially because it can be used in
cases of accidental release of ions in the environment such as radioactive species in water streams.
A release of radioactive particles in water results in a rapid and usually uncontrolled spread of
contamination which suggests that microbial-induced precipitation after a reduction process would

limit the mobility of the species and hence the extent of contamination.

This work considers the basic principles of bacterial interactions with nuclear-related
minerals after the reduction process. We are particularly interested in the recovery stage where
the precipitated minerals should be collected with the minimum human involvement possible, to
avoid unnecessary exposure to radiation. This suggested that an investigation on the interactions
between the mineral phases produced as a result of the microbial involvement with potential
polymeric substances that could be used for the agglomeration of such matter was needed. To
simplify the work, macromolecules of bacterial origin that could serve as ‘attraction centres' for

the reduced complexes were used.

Tests on europium oxide, ceria, urania and thoria confirmed that lipopolysaccharide, found
on the outer layer of gram-negative bacterial cells, adsorbs on all four surfaces under varying
conditions with AG values in the range of physisorption (-3 to -25 kJ/mol) for all systems.
Lipopolysaccharides are not only found as components of live bacteria but they are also freely
available in natural systems because of cell lysis. Hence, the results of LPS sorption onto minerals
especially at the mineral/water interface are very important not only for bacterial applications as a

whole but also for LPS as a separate component.
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LPS was found to behave similarly for all four surfaces (ceria, thoria, urania and europium
oxide) mainly under basic conditions where the availability of cations is limited by the increased
availability of OH". Under acidic conditions, sorption of LPS onto ceria was proven quite complex.
A general conclusion involved intermolecular binding induced by the increased mobility of cations
in solution. Hence, environmental sites of acidic conditions and high ionic strength such as mining
sites (where the pH is usually low promoting metal solubility) would not favor an interaction

between bacterial LPS and minerals.

Sodium containing samples behaved similarly to the samples in water as a solvent with
both water and sodium mediating sorption better under acidic conditions. This suggests that sites of
low calcium content but high sodium and proton content would promote LPS adsorption onto
minerals. Examples of such conditions found in nature are mining sites, acidic lakes or acidic soil.
However, calcium and sodium ions are usually found closely related in nature which suggests that
acidic conditions in the presence of only sodium are more likely to be obtained under clean

laboratory conditions.

Calcium was found to mediate sorption better under basic conditions. This suggests that
even though high concentrations of the cation (under acidic conditions) prevent the sorption from
happening, controlled concentrations of the ion (under basic conditions) can mediate the
interaction more successfully than sodium ions or protons. An example found in nature related to
such alkaline conditions is seawater where calcium is widely available mainly due to dissolution
from rocks. Hence, LPS-driven bacteria or free LPS found in water or other aqueous environments
of alkaline conditions can promote sorption processes and hence, binding on mineral surfaces.
Similarly, bacteria and specifically bacterial LPS in groundwater repositories of high alkalinity can
be considered as sorption sites for nuclear-related minerals. This is important for cases of
radioactive release in water streams and aqueous media where bacterial LPS or similar moieties

could be used to limit the contamination by capturing the particles through sorption processes.
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Tests on europium oxide and ceria confirmed that MCA, found on the outer layer of
bacterial cells of the genus Mycolata, interacts with each surface under varying pH and electrolyte
conditions with AG values in the physisorption range (-10 to -17 kJ/mol) for all systems. The
results indicated the involvement of the -COOH functional group of MCA in the sorption process
which suggests that carboxylic-containing moieties can adsorb onto nuclear-related surfaces under
acidic, neutral and basic conditions. Calcium, sodium and protons tested in solution showed similar
effect on the adsorption of MCA on both surfaces which suggests that pH or ionic strength
conditions do not have an effect on the interaction and all conditions can promote the removal of
radioactive particles. Hence, MCA-related moieties (i.e. organic molecules with carboxylic acid
functional groups) could be used as attraction centres for the collection of nuclear related particles.
Acid lakes and mining sites would be ideal locations for such processes especially for binding of

hydrophilic surfaces such as europium complexes found as products of the uranium fission cycle.

Our experiments were intended to mimic the natural systems where MCA is found closely
bound in an orderly arrangement that induces a strong polar bond at the carboxylic end. It was
proven that this arrangement is essential for the adsorption mechanism. Hence, MCA-like
polymeric substances could be used for binding and removal of particles from solution in
bioremediation processes if they are arranged in a similar manner. Supporting results were
obtained from the computational studies of MCA adsorption onto ceria. The calculated binding
energy from molecular dynamics simulations (Epinging=-11.598 kJ/mol for simulation representing a
ceria slab at pH7 in the presence of Na") agreed well with the experimental results for the
corresponding system (-16.485 kJ/mol). Additionally, it was found that an energetic barrier
induced by water molecules controls the binding of the hydrophobic mycolic acid on the surface of
ceria. In terms of natural systems, the orderly arrangement of mycolic acids within the outer layer
of the bacterial cell wall suggests that MCA will not attach to nuclear-related minerals. The
structure of the bacterial cell wall inhibits this kind of interaction due to the active site of the MCA
molecule (the carboxylic acid end group) being strongly bound to the rest of the bacterial cell wall

and thus, being unavailable to interact with external compounds such as minerals. Thus, the results
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presented here suggest that MCA in bacterial cells is not promoting adsorption of the cell on the
different minerals. In the case of free MCA molecules (mainly available due to cell lysis), the
biomolecule will not adsorb onto nuclear related surfaces unless they are within a highly
hydrophobic capsule that increases the polarity of the carboxylic bond and drives the molecules
close to the intended surface depending on physical properties (for example density of solvent).
Such conditions are not often found in environmental sites but clean laboratory conditions would

be required instead.

Preliminary results from ceria interactions with peptidoglycan showed that PGN, found on
both Gram positive and Gram negative bacterial cell walls, interacts with the mineral under
varying electrolyte conditions and neutral pH with AG values in the physisorption range (-8 to -10
kJ/mol). The results suggested the involvement of two different functional groups in the sorption
process: -COOH and amide. Calcium, sodium and protons tested in solution showed similar effects
on the adsorption capacity. This suggests that carboxylic and amide groups from bacterial origin
can sustain successful mechanisms for the binding of highly toxic, nuclear-related particles. PGN-
like polymeric substances could be used for binding and removal of particles from solution in
bioremediation processes. These results were similar to those obtained from MCA interactions
with mineral surfaces which suggests that -COOH holding molecules could be used to promote

treatment of nuclear waste as well as biomining processes.

Most tested interactions showed a clear preference in calcium containing media which
suggests that calcium 'uses' it's charge to act as a 'bridge' and connects the functional groups with
the mineral surface. This suggests that calcium ions could be used in bioremediation processes to
speed the reaction rates of interactions between bacterial components and mineral surfaces (for
example during treatment of nuclear waste mediated by bacteria). The use of complex molecules
such as LPS is not advised for such processes even if the molecule has shown sorption capacity
related to the tested surfaces. This is due to the increased intermolecular binding observed when
the biomolecule was treated with electrolytes especially under acidic conditions where speciation

theory suggests high mobility and hence availability of the salt ions. On the other end, long carbon
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chain molecules with only a limited number of carboxylic acid end groups (MCA) showed a
tendency to adsorb strongly on the mineral surfaces when in organic solvents. This suggests that in
order for highly hydrophobic biomolecules to undergo sorption onto surfaces, an organic carrier
(or solvent) is required. This is in great agreement with the natural systems where the mycolic
acids are orderly arranged in parallel with the carboxylic acid groups facing towards the lipid
components and the hydrophobic carbon chains facing towards the arabinogalactan. This
arrangement supports the hydrophobic character of the MCA carbon chains but at the same time it
triggers the polarity of the carboxylic acid end groups which are now available to interact with the

rest of the cell wall molecules.

In an intermediate state in terms of complexity and size, PGN contains more functional
groups than MCA but it has a lower molecular weight than LPS. The PGN functional groups are
similar to those of MCA and the preliminary results showed a successful adsorption of the
molecule onto ceria mediated by the carboxylic and amide groups. The PGN molecule is mainly
hydrophilic thus, in contrast to MCA, no organic carrier is needed to promote the sorption
interactions. However, calcium mediated intermolecular interactions were observed, similar to
those analysed for LPS samples. It can therefore be concluded that, in terms of free biomolecules,
each one (i.e. LPS, MCA and PGN) may undergo sorption onto mineral oxides dependent on pH
conditions, hydrophobicity of adsorbent and adsorbate, electrolyte concentration and media used.
When whole bacterial cells are considered, a general conclusion relates to ion specific sorption
processes undertaken by the external LPS biomolecules. These processes are further supported by
the PGN moieties if the minerals manage to enter the cell wall or if the minerals are formed within
the cell wall. MCA was not related to the sorption process due to its active functional groups (-
COOH) being strongly bound on the rest of the cell wall which suggests limited availability of the
molecule for interactions with other than the cell's moieties. These conclusions are further
supported by earlier scientific reports showing a specific localisation of biogenic or non-biogenic
minerals within the cell wall of bacteria or closely related to extracellular moieties. Work on non-

biogenic iron oxides and their interactions with bacteria indicated that the minerals were able to
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penetrate the cell wall of Gram positive bacteria(Glasauer et al., 2001). The final position of the
mineral was the PGN layer which suggested a possible interaction of the PGN functional groups
with the oxide. The work presented within this thesis showed that PGN is able to bind on similar
minerals suggesting that the oxide particles tested in the mentioned work were most likely stopped
by the PGN moieties by a sorption process mediated by the -COOH and amide groups.
Furthermore, specific localisation of uranium-related minerals formed due to bacterial involvement
was also reported with the mineral being located close to biomolecules in both intracellular and
extracellular sites. The results suggest that LPS could be the main biomolecule responsible for the
observed localisation of biogenic urania at the extracellular sites while PGN was possibly the

biomolecule responsible for the intracellular localisation of the mineral.

It is hypothesised that similar interactions to the ones described in this project will occur
between the bacterial macromolecules with minerals of similar characteristics to the ones
examined. For example, ceria was used as the analogue of thoria and urania, both found as natural
oxides in the earth's crust, as well as oxides of americium (such as AmQO,), found in nuclear waste.
The four minerals share similar structural characteristics, such as the Fluorite crystal structure
indicating similar coordination geometry. Thus, the biomolecules would undergo sorption
processes depended on their protonation and deprotonation states as well as the charge exhibited
by the mineral's surface, mainly controlled by the mineral's oxygen atoms. Differences are
expected due to the different point of zero charge exhibited by the minerals. However, when the
sorption profiles are compared for similarly charged surfaces, similar adsorption mechanisms are
expected. Additionally, similar observations to the ones described here were reported for
interactions of bacterial biomolecules with minerals other than the nuclear oxides such as hematite
(iron oxide), corundum (aluminium oxide) and calcite, suggesting that similar sorption
mechanisms may be possible with more minerals. This is particularly important for biomining
processes that rely on the ability of bacteria to process and bind on a range of minerals.
Additionally, the ability for sorption of biomolecules onto nuclear related surfaces is particularly

important for nuclear waste treatment.
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The current practices of bacterial involvement in nuclear waste treatment include the
reduction and precipitation of metal ions. This application benefits from the limited involvement
of humans in nuclear-related tasks but due to the small size of microbes, long reaction times and
enormous quantities of required biomass render this as a secondary nuclear waste practice. If
reduction was induced by other means (e.g. chemical substances), recovery of the produced oxides
could be obtained via polymeric substances similar to the ones tested in this project. The
adsorption capacity of the biomolecules showed that when permitted by pH and other conditions,
the biomolecules can accomplish strong adsorption onto the mineral particles. It is therefore
suggested that further sorption experiments are needed to evaluate whether polymeric substances
(possibly synthetic) that contain multiple numbers of the basic functional groups identified in this
project (i.e. -COOH and amide) can increase the adsorption capacity and hence the binding of the
polymers on the oxides. An immediate application of such a successful polymer would be the
recovery of oxide minerals from nuclear wastes and potential uses would include the recovery
process during biomining processes and the recovery process during decontamination after

reduction of aqueous sites such as lakes contaminated with radionuclides.
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General Conclusions

The research objectives described in the first chapter of this thesis have all been met. The
starting hypothesis questioning the ability of individual bacterial macromolecules to interact with
minerals was examined after the observation that biogenic minerals were often found located at the
bacterial cell wall. The results indicated that the macromolecules tested during this project were
able to interact with UO, and other chemogenic minerals including thoria, ceria and europium
oxide. Thus, it was shown that non-biogenic minerals were also affected by the biomolecules. The
energy associated with the interactions between the biominerals and the bacterial components was
calculated with experimental and computational techniques. Negative standard free energy values
were obtained for all systems suggesting successful sorption of the biomolecules on the minerals.

lon and pH dependent sorption was proposed for the case of a lipopolysaccharide which
showed successful sorption profiles under all experimental conditions. Under neutral conditions
and thus, in natural systems, the lipopolysaccharide was found to interact strongly with the
minerals suggesting that free lipopolysaccharides due to cell lysis as well as bound
lipopolysaccharides at the surface of bacterial cells will undergo sorption on mineral oxides. It was
also demonstrated that the sorption of bacterial cells on minerals is controlled by the pH and ion-
dependent sorption of lipopolysaccharides as these are the biomolecules at the external layer of the
bacterial cell wall and thus, the first biocomponents that an approaching mineral will meet.

The dependence of mycolic acid adsorption on the hydrophobicity of the solvent present
during the interaction was also demonstrated. lon and pH effects were not observed for the case of
myecolic acid interactions but a strong negative effect was observed when water molecules were
present in the system of interest. Computational methods were used to examine the ability of
mycolic acid to interact with ceria and the results suggested that the biomolecule will only interact
with the mineral if water molecules are not present in solution (or if the water molecules are
introduced in the system after the interaction of the biomolecule with the ceria surface). It was also

shown through experimental techniques that mycolic acid will only interact with oxide minerals if
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an organic layer is introduced in the system in order for it to repel any bulk water molecules and
mediate the interaction with the surface. These results suggest that sorption of bacterial cells with
minerals is not mediated by mycolic acids as the conditions required for such processes to take
place are not met in natural systems. The orderly arrangement of mycolic acids within the bacterial
cell wall also suggested that the active sites of mycolic acids (i.e. the carboxylic acid functional
groups) are not available for interaction with external molecules because they are strongly attached
to lipids, arabinogalactan and peptidoglycan. Thus, it is proposed that mycolic acids do not
participate in the interaction of bacterial cells with minerals.

lon dependent sorption was proposed for the preliminary tests of peptidoglycan
interactions with minerals. According to the results, peptidoglycans can mediate sorption processes
with oxides at natural systems through carboxylic and amide moieties. The interaction was ion-
dependent as it was proposed by the ATR-FTIR results that showed intermolecular binding
mediated by calcium ions. However, linear sorption profiles were constructed suggesting that
intermolecular binding is not inhibiting the interaction of peptidoglycans with the oxides. Thus it
was proposed that peptidoglycans are also participating in the sorption process with
lipopolysaccharides.

The above results can be used to establish a universal rule for the sorption of bacterial cells
with mineral oxides. Lipopolysaccharides and peptidoglycans are two of the components
responsible for the observed localisation of minerals within the bacterial cell wall or closely related
to the cell structure. Mycolic acid does not interact with the minerals as explained by its position
and orientation within the cell wall. Thus it is proposed that two of the main bacterial

biocomponents involved in bacterial sorption are lipopolysaccharides and peptidoglycans.

Future Work
Lipopolysaccharides

In order to suggest a general mechanism that LPS uses for its interactions when

approaching a surface, continuation of this work with experiments on the sorption of LPS onto
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more minerals is required. The above work has shown the solution chemistry underlying the
sorption that occurs under varying pH conditions and changing ionic strength. However, no work
was done at the atomic level in order to visualise the exact functional groups present in LPS that
are active during sorption. Available sites and functional groups are quite hard to identify due to
the large size of the molecule but there are a few possible techniques that could support this work
including Scanning Electron Microscopy and Atomic Force Microscopy. Modelling of a shorter
version of the molecule could also examine the different available for interaction sites at the atomic
level. This, however, would not be possible for the whole molecule due to the high computational
costs and the computational time needed for such systems (Milano et al., 2013; Lyubartsev and
Rabinovich, 2010; Muller, Katsov and Schick, 2006; Riniker, Allison and van Gunsteren, 2012). In
general, this work has shown signs of a general mechanism LPS was found to follow for sorption
on the four surfaces tested but more surfaces with a wider range of surface charges should be tested
as well. Another suggestion is the usage of the individual LPS moieties in the interactions in order

to find the exact functional groups responsible for the observed sorption.
Mycolic acid

The observation of mycolic acid interactions with minerals through Force Microscopy or
Scanning Electron Microscopy would be ideal for the visualisation of the interactions describe
during this project. These techniques could provide the actual forces involved in the interaction and
the results could be compared to that of computational techniques (chapter 5). Unfortunately, no
previous work has been identified describing the interaction of MCAs with any minerals or other
surfaces involving the techniques described here. Hence, no comparison with other systems could
be made. In general, this work has shown signs of a general mechanism MCA follows for sorption
on the two surfaces tested but more surfaces with a wider range of surface charges should be tested
as well. The hydrophobicity induced by the long carbon chain of the molecules suggests that
experimental set-ups cannot easily mimic the bacterial cells. Thus, more interactions of monolayer
of mycolic acid or interactions involving live bacterial cells should be used in order for the natural

system to be observed. Scanning Electron Microscopy could be a potential technique to evaluate
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such interactions even though limitations will be encountered if live bacterial cells are to be

considered.
Peptidoglycan

The preliminary results described in chapter 4 have shown successful sorption profiles for
the interaction of peptidoglycan with ceria as the analogue of thoria and urania under neutral
conditions. It is clear that more replicates of the experiments are needed to assess the accuracy of
the reported data but the agreement of our results with previously published work as well as the
nicely fitted profile obtained via the different methods used provide the confidence that the results

reported here will be verified.
Simulations

It is clear that more computational work is needed for a complete data set describing the
adsorption of mycolic acid onto ceria. First of all, simulations including more surfaces of ceria
should be completed with (100) and (111) ceria being of great importance especially because the
(111) ceria is the dominant surface found in nature. This work will have to overcome the ‘dipole’
problem observed when running simulations that include the (100) surface and a suitable force
field will be needed. Different methods can be used to avoid this problem such as the standard
method of Tasker (Tasker, 1979) which includes the rearrangement of ions from the top layer of
the surface to the bottom layer which will quench the dipole and at the same time introduce defects

into the surface.

Hydroxylation of the surface and dissociation of water for all surfaces, especially for the
case of ceria (110) and (100) should also be considered with a suitable force field. The additional
surfaces will have to be tested with different forms of the organic molecule, including different
charging states corresponding to different pH conditions. The inclusion of different ions (for

example Ca®* instead of Na*) should also be considered as the experimental results suggested that
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both ions can mediate the interaction. A larger version of the acid could also be considered,

probably with a coarse grained molecule that would explore the full potential of the molecule.

As a last note, the entropic contribution of water displacement by the organics from the
ceria should be studied. This is currently quite difficult due to the high affinity of the water
molecules on the surface. A special method will be needed to overcome the problems arising from

the spontaneous dissociation of water close to the surface as previously discussed as well.
Evaluation/Errors and possible improvements

Even though every possible attempt was made to keep the systems tested under controlled
conditions, human and instrumental errors are always possible when it comes to experimental
setups. Weighing losses, transport losses and instrumental errors are usually unavoidable and affect
the experimental work carried out by researchers. To limit these effects, multiple measurements
were taken per system and at least three replicates were reported. The error associated with the
measurements was reported as standard error and standard deviation while data obtained using
published methods were compared to the published results to account for theoretical errors (for
example the theoretical peaks of MS analysis for MCA which were compared to the published
results and a % error was reported). Error bars indicating standard deviation results were
introduced in most of the graphs reported except the cases where preliminary results were obtained
(for example PGN analysis). Instrumentation-related quality checks were also carried out in an
attempt to make sure all data collected was of the highest accuracy. Calibration curves with
standard materials were verified regularly before the use of the instruments for analysis of samples.
In several cases the method of ‘spike’ addition (i.e. standard addition) was followed to make sure

the measured values were not affected by the detection limit of the instrument.

Slight changes of temperature and pressure could lead to small changes in the experimental
results. These slight changes though are expected in natural environments and the systems tested in
this project were intended to mimic the natural system of LPS, MCA and PGN approaching the

different minerals. In nature, such systems are open to more environmental changes which suggests
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the possible availability of more ions and hence more possible interactions. An attempt was made
to mimic this 'openness’ of the natural systems as closely as possible and the samples tested were
not introduced into clean conditions but were left open to the atmosphere instead. This suggests
that other than calcium and sodium ions that were intended to support the interaction could
possibly disrupt the overall process. An example is the presence of carbonates that are widely
available in the atmosphere and are usually attracted by water molecules and OH™ in basic
solutions. This case would lead to further precipitation of the calcium ions in solution due to
interaction with carbonates that would also limit the availability of free calcium ions in solution.
This scenario suggests that even though conclusions can be drawn from the experimental results
for the systems tested, more parameters should be taken into consideration when constructing a
general mechanism for the sorption process of macromolecules onto minerals. Natural systems are
much more complex than the clean experimental setups tested in laboratory which suggests that no
quick conclusions should be drawn from laboratory-based experiments referring to natural

environments.
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Appendices

Appendix 1
X-ray Diffraction Analysis
Configuration=Reflection-Transmission Spinner,

Goniometer=PW3050/60 (Theta/Theta); Minimum step size 2Theta:0.001; Minimum step size
Omega:0.001

Sample stage=Reflection-Transmission Spinner PW3064/60; Minimum step size Phi:0.1
Diffractometer system: XPERT-3
Anode material: Cu

K-Alphal wavelength :1.540598
K-Alpha2 wavelength :1.544426
Ratio K-Alpha2/K-Alphal: 0.5
Divergence slit: Fixed
Monochromator used: NO
Generator voltage: 45

Scan axis: Gonio

Scan type: CONTINUQUS

Phi: 328.7

Time per step: 25.245
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Appendix 2

The calibration curves constructed for LPS under varying conditions

Abs

16

14

12

08

0.6

04

0.2

20

Calibraton Curves
LPS Quantification - Purpald Assay

B LPS/NaCl 0.01M pH 10 Cal Curve
— Linear (LPS/NaCl 0.01M pH 10 Cal Curve)
A LPS/NaCl 0.01M pH3 Cal Curve
—— Linear (LPS/NaCl 0.01M pH3 Cal Curve)
P LPS/CaCI2 0.01M pH3 Cal Curve
—— Linear (LPS/CaCI2 0.01M pH3 Cal Curve)
LPS/H20 pH3 Cal Curve
Linear (LPS/H20 pH3 Cal Curve)
o LPS/NaCl 0.01M pHT Cal Curve
— Linear (LPS/NaCl 0.01M pH7 Cal Curve)
# LPS/CaCl 0.01M pHT Cal Curve
— Linear (LPS/CaCl 0.01M pH7 Cal Curve)
% LPS/H20 pHT Cal Curve
Linear (LPS/H20 pHT Cal Curve)
B LPS/CaCI2 0.01M pH 10 Cal Curve
—— Linear (LPS/CaCI2 0.01IM pH 10 Cal Curve)
® LP5/H20 pH10 Cal Curve
—— Linear (LPS/H20 pH10 Cal Curve)

220 320 420 520 620

LPS Conc. mg/L

Appendix 3

Modified Freundlich model for LPS adsorption onto Ceria

Modified Freudlich Model for Adsorption of LPS onto Ceria
Varying pH and electrolytes

m LPS/NaCl 0.01M - CeO2 pH10

——Linear (LPS/NaCl 0.01M - CeO2
pH10)

A LPS/NaCl 0.01M - CeO2 pH3
—— Linear (LPS/NaCl 0.01M - CeO2 pH3)
@ LPS /CaCl2 0.01M Ce0O2 pH3
—Linear (LPS /CaClI2 0.01M CeO2 pH3)
# LPS/H20 Ce02 pH3
Linear (LPS/H20 Ce02 pH3)
@ LPS/NaCl 0.01M CeO2 pHT
—— Linear (LPS/NaCl 0.01M Ce02 pH7)
4 LPS/CaCl2 0.01M CeO2 pH7
Linear (LPS/CaCI2 0.01M Ce02 pH7)
® LPS/H20 Ce02 pH7
— Linear (LPS/H20 Ce02 pH7)
& LPS/CaCI2 0.01M - CeO2 pH10

——Linear (LPS/CaCI2 0.01M — CeO2
pH10)

w LPS/H20 -Ce02 pH10
LN(C) —Linear (LPS/H20 -CeO2 pH10)

Page | 262



The modified Freundlich equations for pH10 were:

y=-0.9155970085x+2.4863446448 for NaCl,
y=-0.9483514237x+3.0484002931 for CaCl, and

y=-0.9662651153x+2.8446334307 for water.

The modified Freundlich equations for the pH3 systems were:

y=-0.6969020143x+1.6272832424 for NaCl,
y=-0.7357654971x+0.9029786006 for CaCl, and

y=-0.6800044041x+1.0403429451 for water.

The modified Freundlich equations obtained for the pH7 systems were:

y=-1.0548564277x+2.5786764769 for NaCl,
y=-0.8251291446x+2.4861393636 for CaCl, and

y=-0.5800922385x+0.8083207664 for water.
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Appendix 4

ATR-FTIR results for LPS-Ceria complexes

ATR-FTIR results LPS-Ceria interactions
CaCl2/NaCl/H20 pH 3,7,10

R sl = 95

T M. || 90

1|/ 85

k¢ 80

%T

75
70
65

: - 60
2800 2500 2200 1900 1600 1300 1000

em-!

- 1004 L ps/cacizceoz pH3

LPS/CaCl2/CeO2 pH7
A LPS/CaCl2/Ce02 pH10

» LPS/H20/Ce02 pH3

LPS/H20/Ce02 pH7
M LPS/H20/Ce02 pH10
= LPS/NaCl/CeO2 pH3
® LPS/NaCl/CeO2 pH7

+ LPS/NaCl/CeO2 pH10

Appendix 5

ATR-FTIR data of LPS controls under varying conditions

pHrange 3,7, 10

%T

2900 2400 1900

]
[

1400

ATR-FTIR LPS Blanks in different Electrolytes

100
95 MLPS/NaCl pH10
o0 #LPS/CaCi2pH3
gc | LPSICaCi2 pH10

ALPSICaCI2 pH7
80y LpsH20pH3
75 L LPS/H20 pH10
70 MLPS/NaCl pH3
65 *LPS/NaCl pH7
60

55
900
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Appendix 6

Modified Freundlich model for LPS adsorption onto Eu,O3; under varying conditions

Modified Freundlich LPS adsorption onto europium oxide
Varying pH and electrolytes

18 B LPS/NaCl 0.01M - Eu203 pH10
——Linear (LPS/NaCl 0.01M — Eu203 pH10)
# LPSH20 Eu203 pH3
——Linear (LPS/H20 Eu203 pH3)
A LPS/NaCl 0.01M Eu203 pH3
—— Linear (LPS/NaCl 0.01M Eu203 pH3)
» LPS/CaCl2 0.01M Eu203 pH3
——Linear (LPS/CaCl2 0.01M Eu203 pH3)
M LPS/NaCl 0.01M Eu203 pH7
——Linear (LPS/NaCl 0.01M Eu203 pH7)
LPS /CaCl2 0.01M Eu203 pH7
Linear (LPS / CaCl2 0.01M Eu203 pH7)
@ LPS/H20 Eu203pH7
——Linear (LPS /H20 Eu203 pH7)
+ LPS/CaCl2 0.01M-Eu203 pH10
— Linear (LPS/CaCI2 0.01M-Eu203 pH10)
- LPS/H20 — Eu203 pH10
Linear (LPS/H20 - Eu203 pH10)

0.8

0.2

IN(Q/C)

-1.2

2.2

3.2

In(C)

The modified Freundlich equations for pH10 were:

y=-0.9980153209x+2.8273208609 for NaCl,
y=-0.8753813112x+2.6871283977 for CaCl, and

y=-0.9390719097x+2.455249308 for water.

The modified Freundlich equations obtained for the pH3 systems were:

=-0.9392324952x+2.8772247755 for NaCl,
y=-0.9893362905x+3.1019854866 for CaCl, and

y=-0.798450837x+2.1534862879 for water.

The modified Freundlich equations obtained for the pH7 systems were:
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Appendix 7

=-1.0268351127x+3.0395984502 for NaCl,
y=-0.8137184849x+2.0484016239 for CaCl, and

y=-0.8329469725x+2.0989332509 for water.

ATR-FTIR results for LPS-Eu,05; complexes

%T

2950

ATR-FTIR results for interaction of LPS with europium oxide

varying pH and electrolytes

_—— ' 100
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>
7l
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€

90

85

80

75
2450 1950 1450 950

nm

BLPS/NaClEu203 pH3

@ PS/CaCI2/Eu203 pH10
LPS/CaCI2/Eu203 pH7

» LPS/CaCl2/Eu203 pH3
LPS/H20/Eu203 pH7

HLPS/H20/Eu203 pH3

@LPS/H20/Eu203 pH10
LPS/NaCl/Eu203 pH10

XLPS/NaCl/Eu203 pH7
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Appendix 8

Freundlich model fitting for Thoria-LPS sorption

Freundlich Isotherm Thoria-LPS

B LPS/ NaCl 0.01M ThO2 pH10
—— Linear (LPS/ NaCl 0.01M ThO2 pH10)
A LPS/ NaCl 0.01M ThO2 pH3
—— Linear (LPS/ NaCl 0.01M ThO2 pH3)
» LPS/ CaCl 0.01M ThO2 pH3
—— Linear (LPS/ CaCl 0.01M ThO2 pH3)
LPS/ H20 ThO2 pH3
Linear (LPS/ H20 ThO2 pH3)
M LPS/ NaCl 0.01M ThO2 pH7
— Linear (LPS/ NaCl 0.01M ThO2 pHT)
LPS/ CaCl 0.01M ThO2 pHT
Linear (LPS/ CaCl 0.01M ThO2 pHT)
® LPS/H20 ThO2 pH7
—— Linear (LPS/ H20 ThO2 pHT)
LPS/ H20 ThO2 pH10
Linear (LPS/ H20 ThOZ2 pH10)
# LPS/ CaCl 0.01M ThO2 pH10
—— Linear (LPS/ CaCl 0.01M ThO2 pH10)

35

25

Ln(Qe)

15

Ln(Ce)

The Freundlich equations for pH10 were:

y=2.6179099815x — 11.7351119351 for NaCl,
y=1.0620112025x — 7.5849609724 for CaCl, and

y=1.7394588619x — 7.5849609724 for water.

The Freundlich equations obtained for the pH3 systems were:

y=1.0178784784x — 3.1735993491 for NaCl,
y=0.6625261312x — 1.1286122547 for CaCl, and

y=1.2272946913x — 4.3716669381 for water.

The Freundlich equations obtained for the pH7 systems were:

y=0.668547145x- 1.4435052028 for NacCl,
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y=0.5760596109x -0.3317315463 for CaCl, and

y=3.1035785466x- 15.9104177476 for water.

Appendix 9

Thoria-LPS kinetics analysis for varying conditions

10

Thoria/LPS Kinetics
at varying pH and varying electrolytes

] LPS/NaCl 0.01M ThOZ pH10
------—-- Logarithmic (LPS/NaCl
0.01M ThO2 pH10)
L LPS/ CaCi2 0.01M ThO2
pH10
rrrrrrrrrrrrrrr Logarithmic (LPS/ CaCl2
0.01M ThO2 pH10)
LPS/H20 ThOZ pH10
Logarithmic (LPS/H20 ThO2
pH10)
A LPS/ NaCl 0.01M ThO2 pH3
- - Logarithmic (LPS/ NaCl
0.01M ThO2 pH3)
L4 LPS/ CaCl2 0.01M ThO2
pH3
---- Logarithmic (LPS/ CaCl2
0.01M ThO2 pH3)
LPS/ H20 ThO2 pH3
Logarithmic (LPS/ H20 ThO2
pH3)
M LPS/ NaCl 0.01M ThO2 pH7
--------------- Logarithmic (LPS/ NaCl
0.01IM ThO2 pHT)
LPS/ CaCl2 0.01M ThO2
pH?
Logarithmic (LPS/ CaCl2
0.01M ThO2 pHT)
L] LPS/ H20 ThO2 pH7
---------- Logarithmic (LPS/ H20 ThO2
H
t (min) P

Appendix 10

LPS-Thoria Pseudo-Second Order fitting for varying conditions
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12

10

50

LPS/ThO2 pseudo-second order fitting

varying pH and varying electrolytes

m LPS/NaCl 0.01M ThO2 pH10
— Linear (LPS/NaCl 0.01M ThO2
pH10)
# LPS/CaCI2 0.01M ThO2 pH10
— Linear (LPS/ CaCI2 0.01M ThO2
pH10)
LPS/H20 ThO2 pH10
Linear (LPS/H20 ThO2 pH10)
A LPS/NaCl 0.01M ThO2 pH3
— Linear (LPS/ NaCl 0.01M ThO2
pH3)
LPS/H20 ThO2 pH3
Linear (LPS/ H20 ThO2 pH3)
M LPS/NaCl 0.01M ThO2 pH7
— Linear (LPS/ NaCl 0.01M ThO2
pHT)
LPS/CaCl2 0.01M ThO2 pH7
Linear (LPS/ CaCI2 0.01M ThO2
pHT)
® LPS/H20ThO2 pH7
— Linear (LPS/ H20 ThO2 pHT7)
100 150 200

t(min)




Appendix 11

LPS-Urania Freundlich Modelling
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Freundlich LPS-Urania pH3

M LPS-Urania in NaCl

45
.

—Linear (LPS-Urania
in NacCl)

¢ LPS-Uraniain
CacCl2

35

——Linear (LPS-Urania

] in CaCl2)

Ln(Q)

LPS-Urania in water
25- o Linear (LPS-Urania

in water)

45 5 55 6 65 7

Ln(C)

Ln(Q)

Freundlich LPS-Urania pH7
55

B LPS -Urania in
. water

3 linear (LPS
-Urania in
water )

45

® | PS-Urania in
CacCl2

— Linear (LPS-
Urania in

CaCl2)
LPS-Urania in

NacCl

Linear (LPS-
Urania in
NacCl)

Ln(C)




Appendix 12

LPS-Urania interactions
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Appendix 13

Pseudo second kinetics analysis for Urania-LPS interactions
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Pseudo Second Kinetics Analysis

pH 3
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— Linear (LPS-
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Appendix 14

(a) Pseudo-second Order Kinetics MCA adsorption to ceria and europium oxide pH10

MCA interactions with Ceria and Europium Oxide
pH10 - pseudo second order
0.6
B PHI0 CaCl, CeD,
0.55 — Linear (PH10 CaCl,
Ce0y,)
05 PH10 Water CeO,
Linear (PH10 Water
0.45 CeQs)
04 # PH10 NaCl CeQ,
’ — Linear (PH10 NaCl
Ce0y)
o 0.35
e PH10 CaCl, Eu,04
0.3 Linear (PH10 CaCl,
Eu;05)
0.25 A PHI0 NaCl Eu,04
—— Linear (PH10 NaCl
02 Eu;03)
» PHL0 Water Eu, 04
015 — Linear (PH10 Water
EU,05)
0.1
19 29 39 49 59
time (min)

(b)Pseudo-second Order Kinetics MCA adsorption to ceria and europium oxide pH7
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0.6

0.5

0.4

0.2

0.1

MCA interactions with Ceria and Europium Oxide
pH7- pseudo-second order

W PH7 CaCl; CeQ,
—— Linear (PH7 CaCl;
CeQ;)
¢ PHT NaCl Ce0Q,
—— Linear (PH7 NaCl
CeQ;)
B PH7 NaCl Eu;04
— Linear (PH7 NaCl
Eu,05)
PHT CaCl; Eu, 05
Linear (PH7 CaCl,
Eu,05)
PH7 Water CeQ,
Linear (PH7 Water
CeQ;)
A PHT Water Eu, 05
— Linear (PH7 Water
Eu,05)

20 30 40 50 60 70
time (min)




(c) Pseudo-second Order Kinetics MCA adsorption to ceria and europium oxide pH3

MCA interactions with Ceria and Europium Oxide
pH3 - pseudo-second order kinetics
0.6
PH3 Water Eu; 05
0.5 H PH3 NaCl CeQ,
—— Linear (PH3 NaCl
CeO;)
0.4 # PH3 CaCl, CeD;
—— Linear (PH3 CacCl,;
Ce0y)
o 0.3 PH3 CaCl; Eu 05
= Linear (PH3 CaCl,
Eu,0s)
0.2 A PH3 NaCl Eu;O;
—— Linear (PH3 NaCl
EIJzDa}
01 B PH3 Water CeO,
—— Linear (PH3 Water
CeO
0 2)
0 10 20 30 40 50 60 70
time (min)
Appendix 15
451 Langmuir Isotherm MCA adsorption on ceria and europium oxide
+
401
351
3.01
251
201
151
101
0.51
0.01
0 50 100 150 200 250 300
+ PH7CaCl2Ce02 ——Linear (PH7 CaCl2 Ce02) PHI10 Water CeQ2 Linear (PH10 Water Ce02)
% PH3CaCl2Ce02 —— Linear (PH3 CaCl2 Ce02) PHT7 NaCl Ce02 Linear (PH7 NaCl Ce02)
+ PH10NaClCe02 ——Linear(PH10NaClCe02) = PH7 Water Eu203 —— Linear (PH7 Water Eu203)
PH10 Water Eu203 Linear (PH10 Water Eu203) = PH10 CaCl2 Ce02 —— Linear (PH10 CaCl2 Ce02)
PH3 CaCl2 Eu203 Linear (PH3 CaCl2 Eu203) + PH3 Water Ce02 —— Linear (PH3 Water Ce02)
PHT7 Water Ce02 Linear (PH7 Water Ce02) ¥ PH7 NaClEu203 —— Linear (PH7 NaCl Eu203)
+ PH10CaCl2 Eu203 —— Linear (PH10 CaCl2 Eu203) % PH3 Water Eu203 —— Linear (PH3 Water Eu203)
- PH10NaClEu203 —— Linear (PH10 NaCl Eu203) PH3 NaCl Eu203 Linear (PH3 NaCl Eu203)
B PH3NaClCe02 ——Linear (PH3 NaCl Ce02) * PH7 CaCl2 Eu203 —— Linear (PH7 CaCl2 Eu203)
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Appendix 16

Appendix 17a
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Freundlich Isotherm MCA interactions with ceria and europium oxide

47
45
43
41
39 3
Q
371 F
35
33
31
29
In(Ce)
o7 FX M-aCmm
22 27 3.2 37
B PH7CaCl2Ce02 —— Linear (PH7 CaCl2 CeD2) #
PHT NaCl Ce02 Linear (PH7 NaCl CeQ2)
®  PH7 Water Eu203 —— Linear (PH7 Water Eu203)
M PHI10 CaCl2 Ce02 —— Linear (PH10 CaCl2 CeD2)
#® PH3CaCl2 Eu203 —— Linear (PH3 CaCl2 Eu203)
¥ PH3NaClCeD2 —— Linear (PH3 NaClCeQ2) +
* PH10 NaClEu203 —— Linear (PH10 NaCl Eu203) =

PH10 CaCl2 Eu203
& PH7 Water Ce02

Linear (PH10 CaCl2 Eu203) =
— Linear (PH7 Water Ce02)

4.2 47 5.2

PH3 CaCl2 Ce02 —— Linear (PH3 CaCl2 CeD2)
PH10 NaClCe02 —— Linear (PH10 NaClCe02)
PH10 Water Eu203 Linear (PH10 Water Eu203)
PH10 Water Ce02 Linear (PH10 Water Ce02)
PH7 CaCl2 Eu203 —— Linear (PH7 CaCl2 Eu203)
PH3 NaClEu203 —— Linear (PH3 NaCl Eu203)
PH3 Water Eu203 —— Linear (PH3 Water Eu203)
PH7 NaCl Eu203 —— Linear (PH7 NaCl Eu203)
PH7 Water Ce02 Linear (PHT Water Ce02)

Sips Isotherm MCA adsorption on ceria and europium oxide

n=0.4

0.07
0.06 .
0.05

3, 0.04

—
0.03
0.02
0.01

0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035
1iCe
+ PH7CaCl2Ce02 —— Linear (PH7 CaCI2 Ce02) »x PH3CaCl2Ce02  — Linear (PH3 CaCl2 Ce02)
PH7 NaCl Ce02 Linear (PH7 NaCl Ce02) + PH10NaClCeD2  — Linear (PH10 NaCl CeD2)
= PH7Y Water Eu203 ——— Linear (PHY Water Eu203) PH10 Water Eu203 Linear (PH10 Water Eu203)
= PH10CaCl2 CeD2 — Linear (PH10 CaCl2 Ce02) PH3 CaCl2 Eu203 Linear (PH3 CaCl2 Eu203)
+ PH3Water Ce02  —— Linear (PH3 Water Ce02) + PH7Water CeD2  —— Linear (PH7 Water Ce02)
»x PH7 NaCl Eu203 — Linear (PH7 NaCl Eu203) + PH10CaCl2 Eu203 — Linear (PH10 CaCl2 Eu203)
#* PH3Water Eu203 —— Linear (PH3 Water Eu203) = PH10NaClEu203 —— Linear (PH10 NaCl Eu203)
PH3 NaCl Eu203 Linear (PH3 NaCl Eu203) M PH3NaClCe02 — Linear (PH3 NaCl Ce02)

* PH7CaClZz Eu203 —— Linear (PHY CaCl2 Eu203)




Appendix 17b

Page | 275

n=0.5
0.07
|
0.06
0.05
&0.04
0.03
0.02
0.01
0 0.002 0.004 0.008 0.008 0.01 0.012
1/Ce

4+ PH7CaCl2 Ce02 —— Linear (PHT CaCl2 CeD2) + PH3Water Ce02 ——— Linear (PH3 Water CeD2)

® PH3CaCl2 Ce02 —— Linear (PH3 CaCl2 CeD2) PH7 NaCl CeD2 Linear (PH7 NaCl CeD2)

+ PH1D0 NaClCeD2 —— Linear (PH10 NaClCeD2) = PH7Y Water Eu203 —— Linear (PH7 Water Eu203)
PH10 Water Eu203 Linear (PH10 Water Eu203) = PH10 CaCl2 CeD2 —— Linear (PH10 CaCl2 CeD2)
PH3 CaCl2 Eu203 Linear (PH3 CaClz Eu203) + PHY Water CeD2 —— Linear (PH7 Water Ce02)

¥ PH7 NaClEu203 —— Linear (PH7 NaCl Eu203) + PH10 CaCl2 Eu203 —— Linear (PH10 CaClz Eu203)

% PH3Water Eu203 —— Linear (PH3 Water Eu203) = PH10 NaCl Eu203 —— Linear (PH10 NaCl Eu203)
PH3 NaCl Eu203 Linear (PH3 NaCl Eu203) B PH3 NaClCel2 —— Linear (PH3 NaCl CeD2)

% PH7 CaCl2 Eu203 —— Linear (PH7 CaCl2 Eu203)

Sips Isotherm MCA adsorption on ceria and europium oxide




Appendix 18
Computational Parameters for interactions of Ceria (110) with pseudo-mycolic acid

Simulation ID: Ceria (110)-Mycolic Acid-Water and Na+
Units kJ/mol

Characters included: 5

Character 1: Cerium

Number of atoms in simulation: 792

ID Mass (amu) Charge (e)

Ce 140.116000 2.400000

Character 2: Oxygen

Number of atoms in simulation: 1584

ID Mass (amu) Charge (e)

Oc 16.000000 -1.200000

Character 3: pseudo-Mycolic Acid

Number of atoms in simulation: 1 MCA of 85 atoms in total

ID Mass (amu) Charge (e)

c3 12.011000  -0.2050000000
c3 12.011000  -0.1600000000
c3 12.011000 -0.1480000000
c3 12.011000 -0.2090000000
c3 12.011000 0.0670000000
oh 15.999000  -0.3890000000
c3 12.011000 -0.1580000000
c3 12.011000  -0.1560000000
c3 12.011000  -0.1570000000
c3 12.011000 -0.1550000000
c3 12.011000 -0.1320000000
CcX 12.011000  -0.1490000000
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CcX
cX
c3
c3
c3
c3
c3
c3
CcX
cX
CcX
c3
c3
c3
c3
c3

c3

hc
hc
hc
hc
hc
hc
hc

hc

12.011000

12.011000

12.011000

12.011000

12.011000

12.011000

12.011000

12.011000

12.011000

12.011000

12.011000

12.011000

12.011000

12.011000

12.011000

12.011000

12.011000

12.011000

15.999000

15.999000

1.007940

1.007940

1.007940

1.007940

1.007940

1.007940

1.007940

1.007940

-0.2160000000
-0.1620000000
-0.1280000000
-0.1580000000
-0.1560000000
-0.1600000000
-0.1540000000
-0.1330000000
-0.1540000000
-0.2120000000
-0.1610000000
-0.1290000000
-0.1570000000
-0.1570000000
-0.1590000000
-0.1580000000
-0.2110000000
0.3290000000
-0.5590000000
-0.5930000000
0.0470000000
0.0600000000
0.0700000000
0.0640000000
0.0730000000
0.1210000000
0.0590000000

0.0860000000
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hl
ho
hc
hc
hc
hc
hc
hc
hc
hc
hc
hc
hc
hc
hc
hc
hc
hc
hc
hc
hc
hc
hc
hc
hc
hc
hc

hc

1.007940

1.007940

1.007940

1.007940

1.007940

1.007940

1.007940

1.007940

1.007940

1.007940

1.007940

1.007940

1.007940

1.007940

1.007940

1.007940

1.007940

1.007940

1.007940

1.007940

1.007940

1.007940

1.007940

1.007940

1.007940

1.007940

1.007940

1.007940

0.0630000000

0.2540000000

0.0730000000

0.0770000000

0.1000000000

0.0710000000

0.0690000000

0.0740000000

0.0790000000

0.0790000000

0.0770000000

0.0800000000

0.1180000000

0.1060000000

0.1020000000

0.1200000000

0.0750000000

0.0770000000

0.0920000000

0.0800000000

0.0730000000

0.0770000000

0.0870000000

0.0800000000

0.0770000000

0.0770000000

0.0890000000

0.0810000000



hc 1.007940 0.1170000000

hc 1.007940 0.1080000000
hc 1.007940 0.1040000000
hc 1.007940 0.1200000000
hc 1.007940 0.0790000000
hc 1.007940 0.0770000000
hc 1.007940 0.0860000000
hc 1.007940 0.0810000000
hc 1.007940 0.0750000000
hc 1.007940 0.0760000000
hc 1.007940 0.0830000000
hc 1.007940 0.0810000000
hc 1.007940 0.0750000000
hc 1.007940 0.0750000000
hc 1.007940 0.0730000000
hc 1.007940 0.0680000000
hc 1.007940 0.0740000000

Character 4: Sodium

Number of atoms in simulation: 1

ID Mass (amu) Charge (e)
NA 22.990000 1.000000
Character 5: Water

Number of atoms in simulation: 2100 H20 of 3 atoms each

ID Mass (amu) Charge (e)
oW 16.000000 -0.834000
HW 1.000800 0.417000
HW 1.000800 0.417000
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Potentials

Where: 12-6 is

A B
U = -3

rl]

Mycolic Acid Intermolecular

Note: Only the pair-pair potentials are provided.

Bond ID Type
c3-c3 12-6
oh-oh 12-6
CX-CX 12-6
c-C 12-6
0-0 12-6
hc-hc 12-6
hl-hl 12-6
ho-ho 12-6

Water-Myecolic Acid

OW-OW 12-6
OW-c3 12-6
OW-oh 12-6
OW-cx  12-6
OW-c 12-6
OW-o 12-6
OW-hc 12-6

OW-hl 12-6

A

4364247.685263

2434264.710887

3430761.434484

3430761.434484

1589402.851422

31447.266311

13638.569122

0.000000

2436397.3742000

3289273.4990970

2438006.5108107

2916356.0898970

2916356.0898970

1979379.5567584

289523.8460518

199102.0292556

Na® - Water and Na* - Mycolic Acid

NA-NA 12-6
OW-NA 12-6
c3-NA  12-6

oh-NA  12-6

85694.678860

458853.403817

611961.427332

461355.739825

B

2826.761643

2927.740652

2222.134382

2222.134382

2363.482956

90.900675

59.863219

0.000000

2490.8297993

2664.8170359

2701.7466431

2362.6966243

2362.6966243

2433.2461229

486.6162868

403.5377113

63.0193716

397.024565

422.242681

431.742870



cx-NA  12-6 542581.039825 374.371428

c-NA 12-6 542581.039825 374.371428
0-NA 12-6 376752.770306 389.967870
hc-NA  12-6 56116.642717 78.698514
h1-NA 12-6 39029.528201 65.632257

ho-NA  12-6 0.000000 0.0000000

Ceria-Mycolic Acid

Note: The Ce-oh, Ce-0 and Ce-Oc potentials can be calculated using
the Schroder methods as previously described (Freeman et al., 2007)

Oc-c3 12-6 3836094.4214919 4552.1320343
Oc-oh  12-6 2725504.2942596 4518.5951133
Oc-cx 12-6 3401181.8507394 4036.0395651
Oc-c 12-6 3401181.8507394 4036.0395651

Oc-0 12-6 2180853.1017482 4040.0571577

Oc-hc  12-6 304800.0532923 789.7775657
Oc-hl1  12-6 203720.6706754 645.6789602
Oc-ho  12-6 0.0000000 0.0000000
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