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Abstract

With the increased use of manufactured nanomaterials (MNMSs) and increased
environmental and human exposure, ‘“nanosafety”, the assessment of hazards from MNMs,
has become a major research objective. Despite this, the field has yet to advance
sufficiently due to challenges in characterisation and in linking systematically
physicochemical properties to toxicity. In order to understand what makes a nanomaterial
harmful, toxicity studies need to be carried out. Yet these need to be performed on a range
of well-characterised comparable MNMs with systematically varied properties.
Furthermore, most nanoparticles undergo transformations and react in ways that change
their behaviour and properties over time resulting in aged nanoparticles. These no longer
have the same characteristics of their pristine counterparts, which in turn could influence
their toxicity. Therefore thorough understanding of the behaviour and ageing processes
that the MNMs can undergo is also necessary.

The aim of this work was to develop and fully characterise a library of comparable
nanoparticles with a range of core chemistries, but the same capping. Following this
behavioural and ageing studies of the MNMs in the different scenarios were carried out.

A library of metal oxide NMs based on a polyvinylpyrrolidone (PVP) capped ceria
synthesis was developed and extensively characterised. The protocol was successfully
modified to produce PVP capped zinc oxide and copper oxide of comparable sizes (c. 5, 7
and 20 nm). Characterisation was carried out by Dynamic Light Scattering (DLS), Zeta
Potential, Ultra-Violet-Visible Light Spectroscopy (UV-VIS), Transmission Electron
Microscopy (TEM), Scanning Transmission Electron Microscopy Electron Energy Loss

Spectroscopy (STEM-EELS), Fourier Transform Infra-red (FT-IR), X-ray Photoelectron



Spectroscopy (XPS), X-ray Absorption Spectroscopy (XAS) and Inductively Coupled
Plasma — Optical Emission Spectroscopy (ICP-OES) so as to confirm the success of the
synthesis and gain valuable information on NM characteristics. Results suggest that the
tested protocol was successful in creating stable PVP capped metal oxide NMs of
reproducible sizes and that a common mechanism hypothesis holds true. The metal oxide
core had mixed valency oxides when the metal was stable in multiple valency states.
Additionally, PVP was found to play a significant role in the synthesis of the MNMs
influencing both their physical and chemical properties.

The library nanoparticles along with commercially available uncoated ceria NMs
were subjected to time and temperature dependent aqueous exposure studies in order to
investigate their thermal transformations; in these experiments, temperature was used as a
proxy for accelerated ageing over short periods of time. The work studied the physical and
chemical changes occurring on exposure to various temperatures (25, 45, 65 and 80 °C) for
a period of 4 weeks. Size, zeta potential, agglomeration/aggregation and valency state of
the particles were studied through DLS, zeta potential, UV-VIS, TEM and XPS, as a
function of time. The influence of temperature resulted in increased aggregation, changes
in metal valency state and a decrease in stability with increasing temperature and time
most likely due to deterioration in the efficiency of the capping. Differences were noted
both based on core composition and on whether the samples were capped or not.

Finally the potential environmental transformation of ceria in the presence of
phosphate was studied for the 10 K PVP capped ceria library NMs, as well as a
commercially available uncapped ceria NM and a series of zirconium doped ceria NMs.
Samples were transformed by being subjected to pH adjusted phosphatisation solutions

made up of potassium phosphate, citric acid and ascorbic acid. Samples were analysed at



various time points by means of DLS — size and zeta potential, UV-VIS, TEM, FT-IR,
Energy Dispersive X-ray Spectroscopy (EDX) and X-ray Diffraction Spectroscopy (XRD)
so as to study the transformations occurring. Ceria and ceria-rich samples underwent
transformation to larger particles growing into characteristic “sea urchin”/needle-like
structures.  Furthermore these samples underwent compositional transformation to
phosphate-bearing phases, with the exception of the zirconia end member, which did not
undergo phosphitisaiton. The transformations were dependent on time, ceria concentration
and phosphate to ceria ratios, as well as the amount of zirconium within the doped
samples; the latter did not inhibit these transformations, but neither did it transform to
phosphate. Furthermore the commercially available ceria samples were exposed to a pH
adjusted phosphatisation solution composed of a naturally occurring phospholipid. This
underwent minimal physical and chemical changes, under these conditions. No
characteristic phosphate ageing transformations were observed possibly due to too short an
exposure time and/or the phospholipid molecule structure being unsuitable to induce this

transformation.
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Chapter 1: Introduction

1.1 Scientific Rationale

‘Atoms on a small scale behave like nothing on a large scale’ (Feynman, 1959). In
fact, nanomaterials, substances having at least one dimension between 1 and 100 nm (JRC,
2010, 1SO, 2010a), have significantly distinct properties to those of their bulk counterpart.
These include high surface-to-volume ratio and significantly distinct chemical, electronic,
optical, magnetic & mechanical properties from those of their bulk counterpart (Ansari et
al., 2010, Tejamaya et al., 2012, Nowack and Bucheli, 2007). These materials have
drastically changed our daily life with their diverse uses in many everyday fields such as
goods for children, appliances, food and beverages, electronics, automotive, home and
garden and health and fitness including clothing, cosmetics and personal care (Vance et al.,
2015).

Nanotechnology continues to grow rapidly. Between 2010 and 2013 a 24 %
increase in consumer products containing nanomaterials had been recorded
(Nanotechnologies, 2013). As of November 2015 there were more than 1,800 products
listed in the Consumer Products Inventory (The Project on Emerging Nanotechnologies,
2015). The increased use of manufactured nanomaterials (MNMS) results in increased
environmental release, hence concerns that exposure of humans and other organisms is
inevitable. The potential environmental impact of MNMs is poorly understood, and the
need to better understand MNM fate and transformations is particularly urgent.
Furthermore, to date, no sufficient work has been done to establish the changes that

nanomaterials undergo when incorporated into, and released from, products. As a result,



“nanotoxicity”, the study of the toxicity of nanomaterials, has become a major research
objective in the EU and internationally (Aydin et al., 2012). Many aspects in the field of
nanotoxicity remain poorly studied and challenging due to the difficulties in identifying,
characterising and monitoring nanomaterials particularly after their release in the
environment (Nowack and Bucheli, 2007, Valsami-Jones and Lynch, 2015b, Handy et al.,
2008).

During their life time many nanomaterials undergo significant transformations such
as biological transformations, interactions with macromolecules and physical and chemical
transformation (Sarathy et al., 2008, Louie et al., 2014). Assessing the environmental and
human health implications of nanomaterials requires an understanding of the potential
exposure routes, transformations, behaviours and effects of the nanomaterials (Auffan,
2013, Lowry et al., 2012, Tso et al., 2010, Rickerby and Morrison, 2007, Nowack and
Bucheli, 2007, Lynch et al., 2014). The transformations taking place vary depending on
the nanomaterial. Some metals such as zinc oxide undergo dissolution, silver easily
undergoes sulfidation and other metal oxides such as titanium dioxide may possibly
remain largely unaffected (Louie et al., 2014, Mitrano et al., 2015, Lowry et al., 2012).
Literature has shown that rare earth oxides (REOs) transform biologically on exposure to
phosphate compounds at a low pH (Li et al., 2014), however this biotransformation of
REOs has not always been seen or studied in depth. Thus there is notable uncertainty
which needs to be mitigated, about the state of many nanomaterials once they have been
released into the environment.

Ageing is an important part of a nanomaterial’s life cycle that can be considered as
a transformation over time. One main reason why ageing is important for nanomaterials is

the fact that this may apply a lot more to MNMs than their bulk counterparts as they are



more reactive and therefore more likely to transform. Unfortunately there is a lack of
knowledge and literature when it comes to the ageing of nanomaterials. To date there are
no standard testing methods for ageing or accelerated ageing of nanomaterials. Only on
very few occasions has it been considered how aged nanomaterials will affect the
environment and biological systems. Aged MNMs may no longer have the same
characteristics of their pristine counterparts (Mitrano et al., 2014). Ageing related
transformations are likely to be influenced by the duration of ageing as well as

environmental factors such as temperature, MNM concentration and media properties.

1.2 Aims and Objectives of Research

The overall objective of this PhD work is to carry out a detailed study of MNM
transformations in an environmental or biological context. More specifically, the research
aims to investigate and quantify where possible, the chemical and structural alterations and
transformations which may occur to different MNMs (including a purpose-made library
containing MNMs showing systematic property changes) in different conditions. In order
to achieve this overall objective a number of specific aims discussed below need to be
firstly achieved. The results obtained by achieving these aims are extremely valuable for

the developing field as well as future use or modification of the studied nanomaterials.



1.21 Aim1

To synthesise a new nanomaterial library and characterise its components by

means of a multi-method approach.

Firstly nanomaterial synthesis and thorough characterisation of the physical and
chemical properties using various techniques were needed to obtain a library of
comparable nanomaterials with a range of core chemistries, but the same capping.
Polyvinylpyrrolidone (PVP) capped ceria nanomaterials were prepared according to
Merrifield et al. (2013). The synthesis protocol was successfully modified to produce a
range of PVP capped metal oxide MNMs where the metal oxides were cerium dioxide,
copper oxide and zinc oxide. Characterisation was carried out by means of Dynamic Light
Scattering (DLS) - size and zeta, Ultraviolet-visible light Spectroscopy (UV-VIS),
Transmission Electron Microscopy (TEM), Scanning Transmission Electron Microscopy-
Electron Energy Loss Spectroscopy (STEM-EELS), Fourier Transform-Infra-red (FT-IR),
Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES), X-ray
Photoelectron Spectroscopy (XPS), Energy Dispersive X-ray Spectroscopy (EDX) and
Extended X-ray Absorption Fine Spectroscopy (EXAFS) so as to confirm the success of
the synthesis and its modification. This library allows focussing on just one property (core
metal composition) to be tested for its toxicological significance whilst other variables

(size, capping...) are kept unchanged.



1.2.2 Aim 2

To study any chemical or physical alterations to nanomaterials, particularly the developed

PVP capped nanomaterial library, resulting from temperature ageing studies.

Part of this work aims to study the thermal transformations of MNMSs, where
temperature serves as a proxy for ageing over time. Research into ageing techniques in this
case temperature ageing in particular had to be carried out. The temperature ageing study
performed needed to be developed and decided upon. Time and temperature dependent
studies were carried out on a fully characterised library of laboratory synthesised
comparable PVP capped metal oxide nanomaterials, where the metal oxides were cerium
dioxide, copper oxide and zinc oxide, and commercially available uncoated cerium
dioxide. The work aimed to study the physical and chemical changes occurring to the
MNMs on exposure to various temperatures (25, 45, 65 and 80 °C) for a period of 4
weeks. Size, zeta potential, agglomeration/aggregation and valency state of the NMs were

studied through DLS, zeta potential, UV-VIS, TEM and XPS, as a function of time.

1.2.3 Aim 3

To study any chemical or physical alterations to ceria and ceria containing nanomaterials,

resulting from phosphate induced ageing studies.

This part of the work aimed to study phosphate induced biotransformations of

different ceria nanomaterials (including those belonging to the MNM library). This is



environmentally relevant due to the extensive natural presence of phosphorus and its
compounds (EPA, 2012). Initially research into phosphate ageing had to be carried out.
The ageing study performed needed to be developed and decided upon. Time dependent
studies were carried out on some of the fully characterised ceria MNMs from the library,
commercially available uncoated cerium dioxide and commercially available zirconium
doped ceria MNMs. All the MNMs were exposed to a pH adjusted potassium phosphate
solution for a period of 3 weeks. The commercially available uncoated cerium dioxide
MNMs were also exposed to a pH adjusted phospholipid solution for 96 hours. Physical
and chemical properties were studied by means of a multi-method approach using XRD,

DLS — size and zeta, UV-VIS and TEM.

1.4 Layout of Thesis

This thesis opens with an introduction to the research area and a detailed
description of the aims and objectives of this project. The literature review is presented in
Chapter 2 giving an introduction to nanotechnology and allowing for a better
understanding of the concept and of nanomaterials. Particular reference is given to
nanomaterials; their chemistry, fate, behaviour and risks. Importance is given to ageing
and the changes nanomaterials undergo as a function of time. Literature relevant to ceria,
zinc oxide and copper oxide will be considered as they are the MNMs synthesised and
utilised in the work.

The methodology is then presented in Chapter 3. Details on the characterisation

techniques and the methodology regarding these techniques is put across in this chapter.



The following three chapters explain the experimentation and discuss the results
obtained. Chapter 4 deals with the PVP capped nanomaterial library synthesis and
characterisation. Chapter 5 and 6 deal with the temperature ageing and phosphate ageing
studies respectively. Furthermore each of these chapters offers conclusions on these
results.

The thesis closes with Chapter 7 summarising the conclusions made and Chapter 8

offering recommendations for future work that could follow on from this work.



Chapter 2: Literature Review

2.1 Introduction

This chapter compiles a review on the literature relevant to the research idea of this
thesis (Section 1.1). The chapter begins with an introduction to nanomaterials, their
classification and uses. This leads to an overview on release, exposure and possible
transformations of nanomaterials. An attempt is made to shed light on the concept of
ageing of nanomaterials and highlight the limited number of studies that have taken place.
Particular interest is given to ceria, zinc oxide and copper oxide as these are the

nanomaterial synthesised and used for the research.

2.2 Nanomaterial Definitions

According to the British Standards Institution Vocabulary (BSI, 2011) a
nanomaterial is a “material with any external dimension in the nanoscale or having internal
structure or surface structure in the nanoscale”. This, however is a very generic definition
and there have been numerous debates regarding nanotechnology nomenclature (Auffan et
al.,, 2009). On 18 October 2011, the European Commission adopted the following

definition of a nanomaterial:



“A natural, incidental or manufactured material containing
particles, in an unbound state or as an aggregate or as an agglomerate and
where, for 50 % or more of the particles in the number size distribution,

one or more external dimensions is in the size range 1 nm — 100 nm.

In specific cases and where warranted by concerns for the
environment, health, safety or competitiveness the number size distribution

threshold of 50 % may be replaced by a threshold between 1 and 50 %.

By derogation from point 2, fullerenes, graphene flakes and single
wall carbon nanotubes with one or more external dimensions below 1 nm
should be considered as nanomaterials. ”

(European commission, 2011).

A generally accepted and simpler definition for nanomaterials describes them as
substances having at least one dimension between 1 and 100 nm in size (JRC, 2010). A
nanometre (nm) is one thousand millionth of a meter, 10° nm. To illustrate this, the size
of a tennis ball is 1,000,000,000 nm wide and viruses are around 100 nm in diameter

(Figure 2.1).
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Figure 2.1 Nanometer scale comparing objects found in nature (Which Lab, 2015).

A nano-object has been defined as “a material with one, two or three external
dimensions in the nanoscale” (1ISO, 2008). One such example is a nanoparticle which is a
“nano-object with all three external dimensions in the nanoscale” (ISO, 2008).

Materials with nano-scale (10”° or one billionth of a meter) features have high
surface-to-volume ratio and distinctive chemical, electronic, optical, magnetic &
mechanical properties compared to those of the bulk material (Mansoori and Soelaiman,
2005, European commission, 2013, Tejamaya et al., 2012). This was first noted by
Richard Feynman who stated that ‘Atoms on a small scale behave like nothing on a large

scale’ (Feynman, 1959).

2.3 Nanomaterial classification

Nanomaterials can be grouped using a number of different classification methods.

These methods which are discussed in further detail below are (Alagarsi, 2011):

10



o Structural — Dimensionality and Morphology

o Chemistry

o Origin

2.3.1 Structural

2.3.1.1 Dimensionality

According to Siegel (1994),  nanomaterials can be classified into 4 groups based

on their dimensionality as seen in Figure 2.2.

N

<
<

Clusters Nanotubes, fibres and rods  Films and coats Poly-crystals
0-D 1-D 2-D 3-D
Figure 2.2 Classification of nanomaterials according to dimensionality based on the concept of Siegel

(Gusev, 2011).

Zero dimensional (0-D) nanomaterials have all their dimensions (x,y,z) in the

nanoscale and include spheres, clusters and quantum dots. One example is a gold

11



nanoparticle cluster. One dimensional (1-D) materials have two dimensions (x,y) in the
nanometer scale and comprise of nanotubes such as carbon nanotubes, nanorods, wires and
fibres. Two dimensional (2-D) nanomaterials have one dimension in the nanoscale and
include surface coatings, thin films, plates and networks. Examples include graphene
sheets and sol-gel layers. Finally three dimensional (3-D) nanomaterials are considered as
the bulk material (R.W. Siegel, 1994, Gusev, 2011). An example is graphite. Figure 2.3

shows the relationships between 0-D, 1-D and 2-D nanomaterials in 3D space.

-

>
/x\
R

é i

Figure 2.3 The relationships between 0-D, 1-D and 2-D nanomaterials in 3D space (MTX9100, 06/05/2014,

/

Hussainova, 06/05/2014).

2.3.1.2 Morphology

Extending further into nanomaterial structure, nanomaterials may be classified
according to their form and morphology. Characteristics of this classification include
flatness, sphericity and aspect ratio. The latter can be sub-divided into high and low aspect

ratio as seen in Figure 2.4 (Buzea et al., 2007).
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Nanowuesm Nanospherical 0 0O

Nanohelices JUL Nanohelices &
Nanozigzags AARRARY Nanopillars -

——]

Nanopillars o= Nanowires

Nanotubes c=————o Nanopyramids &

Nanobelts = Nanocubes &
Various O

Figure 2.4 Classification according to morphology (Buzea et al., 2007).

2.3.2 Chemistry

Nanomaterials can also be classified based on their chemistry. Figure 2.5 shows
that many may either be composed of a single material such as gold nanoparticles or a
composite consisting of two or more materials as in the case of polymer capped/coated

nanoparticles e.g. polyvinylpyrrolidone capped cerium dioxide (Buzea et al., 2007).

Composition

a) Single material b) Composites

Compact 0O == Coated 0

Hollow (sphencal 0 Encapsulated 0

or nanotubes) Barcode o
Mixed (1))

Figure 2.5 Additional nanomaterial classification composition (Buzea et al., 2007).
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In the case of nanoparticles this can result in several categories, which include the

following (Ray et al., 2009):

1. Metals, such as gold and silver nanoparticles

2. Metal oxides, such as cerium dioxide, titanium dioxide and zinc oxide
3. Carbon nanomaterials such as fullerenes, nanotubes and graphene

4. Quantum dots such as cadmium telluride and cadmium selenide

5. Organic such as polymeric nanoparticles like Poly(organophosphazene)

6. Core-shell, such as Platinum-Palladium and Rhodium-Palladium nanoparticles

Based on the chemistry, nanoparticles can exist as uniformly dispersed in a

medium or in an agglomerated or aggregated state (Figure 2.6) (Buzea et al., 2007).

Uniformity & agglomeration state

a) Isometric b) Inhomogeneous
) © °0 CU,,CC
OOof.oOko) 0o
000 ° 0 0PLY
o°0 0°
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o =
ol ] o4
i/(-rxi T \;10

Figure 2.6 Uniformity and Agglomerated state of nanoparticles (Buzea et al., 2007).

Other classifications have also been put forward. For instance, Tomalia (2009)

speaks about classifying nanomaterials, nanoparticles in particular, with respect to their
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“softness” and/or “hardness”. In this case inorganic nanoparticles are referred to as hard

and organic ones are referred to as soft.

2.3.3 Origin

Nano-objects may be one of three kinds: natural, incidental and intentionally
produced (manufactured or engineered) (Farré et al., 2011, Oberdorster et al., 2005, Cole,

2011); all three types are defined below.

2.3.3.1 Natural Nano-objects

Natural nano-objects include those from naturally occurring environmental
processes. Natural nano-objects can be found in waters, soils and sediments. They can
result from natural occurrences such as biogeochemical processes, ash from volcanoes, sea
salt and particles from weathering and erosion (Lowry et al.,, 2012, Cole, 2011,

Oberdorster et al., 2005).

2.3.3.2 Incidental Nano-objects

Anthropogenic nanomaterials produced unintentionally are referred to as incidental
nanomaterials. They are a result of the action of man and examples include incineration,
combustion within chimneys and combustion engines (Lowry et al., 2012, Cole, 2011,

Farré et al., 2011).
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2.3.3.3 Intentionally produced Nano-objects

Intentionally produced nano-objects, are, in the strict sense, nanomaterials which
are intentionally man-made in order to obtain specifically required physicochemical
properties such as composition, shape, size and surface chemistry to be used for a specific
application. These can be engineered or manufactured nanomaterials. According to the
International Organization for Standardization (ISO) (2010b), a manufactured
nanomaterial is a nanomaterial with specific properties or specific composition produced
intentionally for commercial purposes (e.g., transparency) whilst an engineered
nanomaterial is a nanomaterial designed so that it displays a special function (e.g.,
guantum dots). These nanomaterials can either be created by means of a ‘top-down’ or
‘bottom-up’ approach (Domenech et al., 2012). Intentionally produced nanomaterials are
used in cosmetics, sunblock, semiconductors, polymers and drug delivery systems (Lowry

etal., 2012, Cole, 2011, Oberdorster et al., 2005).

2.3.3.3.1 Engineered or Manufactured nanomaterial

synthesis routes

As mentioned, engineered or manufactured nanomaterials can be made either by a
top-down manufacturing method or a bottom-up synthesis method. These are depicted in
Figure 2.7.

The top-down approach involves starting with a larger macroscopic sample and
generating smaller pieces, by a breakdown of the original object. This can be achieved by

using one of various techniques (Domenech et al., 2012), for example electroexplosion,
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laser ablation, spluttering, milling, grinding or photolithography. The top-down approach
delivers nanoscale object by the physical separation of an existing material structure. This
technique is ideal for making surface imprints that need to be replicated (Balzani, 2008,
Romer Roche, 2013). There are a number of disadvantages linked with this MNMs
formation practice. These include the fact that bulky instrumentation is normally needed,
single NP production is difficult due to surface structure imperfections, there is a high
contamination probability, the NPs obtained are most likely to be polydisperse and it is
difficult to prepare very small uniform particles (Balzani, 2008, Romer Roche, 2013).

The bottom-up approach involves building up of nanomaterials by combining
atoms (Balzani, 2008). This method principally involves chemical processes to form the
MNMs.  Commonly used techniques include crystallisation/precipitation, sol-gel
synthesis, chemical vapour deposition, gas-phase aggregation and self-assembly routes,
such as wet chemistry synthesis (Hannink, 2006). An example of a wet chemistry
synthesis is a reflux reaction. This involves heating a reaction mixture to the boiling point
temperature of the reaction solvent. As the solution evaporates and starts to travel up the
condenser, it is condensed back into the reaction flask. This method is one of the best
synthesis methods as it involves a simple set up that ensures a constant reaction
temperature is maintained and the solvent does not dry out (Chua, 2016).

The bottom-up approach has a number of advantages over the top-down approach.
Firstly, it has the ability to form uniform particles of different shapes and structures
(Balzani, 2008). The bottom-up approach is also a cleaner method and the NPs obtained
are more homogeneous having fewer defects and being more monodisperse (Romer

Roche, 2013).
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Bulk metal Powder Clusters Atoms

Figure 2.7 MNPs formation comparing the top-down and bottom-up approaches (Buzea et al., 2007).

2.4 Nanomaterial Applications

The nanotechnology field has drastically changed everyday life with its limitless
uses as a result of the nanomaterials’ distinctive properties (Tejamaya et al., 2012, RGmer
et al., 2013). The broad range of synthesis methods available result in nanomaterials with
diverse physical and chemical properties (De Marzi et al., 2013). These materials are
already extensively used in many commonplace fields such as those of the optical, energy
and fuel, electronic, structural, automotive, clothing, food additives, beverage products,
cosmetic, conservational, paints and pigments, medical and health care varieties (Aydin et
al.,, 2012, Tejamaya et al., 2012, Thwala et al., 2013, Mitrano et al., 2014).
Nanotechnology continues to grow rapidly due to the potential for the development of new
products and applications with the advantages of increased economic feasibility for
production, better functionality of nanomaterials and less environmental pollution
(Mitrano et al., 2014). Between 2010 and 2013 a 24 % increase in the presence of
consumer products containing nanomaterials had been recorded amounting to a total of
1,628 documented consumer products containing nanomaterials (Nanotechnologies, 2013).

As of November 2015 there were more than 1,800 products listed in the Consumer
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Products Inventory (The Project on Emerging Nanotechnologies, 2015). One estimate for
the production of engineered nanomaterials was 2000 tonnes in 2004 and increasing to

58,000 tonnes by 2011-2020 (Nowack and Bucheli, 2007).

2.4.1 Nanomaterials in consumer electronics, semiconductors,

batteries and magnets

A large number of nanomaterials are encountered in this field of applications.
There is a long list of possible materials that can be used to improve this area, including
Zn0, ZnS, Ag, TiO,, SiO,, CeO,, Co, CdS and CdSe quantum dots and CNTs (Mitrano et

al., 2014, Hong et al., 2009, EI Naggar et al., 2015, Bruce et al., 2008).

2.4.2 Nanomaterials in Food industry

In the food industry nanomaterials may be used both in the food produced as well
as for containers and packaging. With regards to the food production, nanomaterials may
be used as additives and/or supplements, increasing the range of food textures, colours and
tastes and in crop pesticides. Some examples of nanostructures used in this industry,
which may have either been natural or manufactured, include proteins, lipids, silica and
titania nanoparticles and nanostructured emulsions. The use of nanomaterials in food
containers and packaging has several advantages. They can extend food life and improve
food safety as well as enhance the packaging polymer properties (Mitrano et al., 2014,

Cushen et al., 2012).
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2.4.3 Nanomaterials in textiles

In the textile industry nanomaterials help to enhance and improve the performance
and functionality, develop smart materials with novel functions, satisfy the need for
hygienic clothing and allow for innovative textile processes (Ibrahim, 2015, Harifi and
Montazer, 2012). Self-cleaning, water and/or dirt repellence, antimicrobial, conductive
and antistatic (wrinkle-resistant), solvent-, UV-, and abrasion resistant, decreased
flammability or increase the strength of dyes or colourants are some examples of such
functionalities (Mitrano et al., 2014, lbrahim, 2015). Examples of improved textile
properties are enhanced self-cleaning, antibacterial and UV protection properties of nano
titanium dioxide treated textiles (Montazer and Seifollahzadeh, 2011). Another commonly
used nanomaterial for textiles is silver due to its antibacterial effect (Lee et al., 2003,

Sotiriou and Pratsinis, 2010, Benn and Westerhoff, 2008)

2.4.4 Nanomaterials in cosmetics

Both metal and carbon based MNMs are used in the cosmetic and sunscreen
industries because of their enhancement of properties such as colour, transparency and
solubility (Raj et al., 2012). TiO, and ZnO are used specifically for their UV filtration and
absorption properties. The nano version of these materials reduces the chalky appearance
of traditional formulations obtained using micro sized particles (Mitrano et al., 2014). A
new EU Regulation 1223/2009 (Cosmetics Regulation) has been in force since 11 July
2013. One significant change in this regulation is that the nanomaterials present in

cosmetics must be labelled in the list of ingredients with the word “nano” in brackets
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following the name of the substance, e.g. “titanium dioxide (nano)” (European

commission, 2015).

2.4.5 Nanomaterials in paints and coatings

Nanomaterials are added to paints and coatings to obtain specific desirable
properties including protection against deterioration, better surface appearance, good
chemical resistance, decreased permeability, optical clarity, increased thermal stability,
easy to clean surface and anti-reflective properties. Photoactive nanomaterials are
sometimes added in the hope of keeping the paints and coatings clean.

A range of coatings involving the use of manufactured nanomaterials are being
developed for various purposes. Some of these are fabric coatings for water and stain
resistance, antimicrobial coatings for infection prevention, preservation coatings,
conductive coatings for solar cells, scratch resistant coatings in the field of optics and anti-

fouling coatings for marine applications (Mitrano et al., 2014).

2.4.6 Nanomaterials used in medicine

The European Science Foundation (ESF) defined nanomedicine as “the science and
technology of diagnosing, treating, and preventing disease and traumatic injury, relieving
pain, and preserving human health using molecular tools and molecular knowledge of the
human body” (Foundation, E. E. S. 2004. Nanomedicine, An ESF—European Medical
Research Councils (EMRC) forward look report. Strasbourg Cedex, France: ESF).

Techniques in nanomedicine make it possible to deliver therapeutic agents into targeted
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specific cells, cellular compartments, tissues, and organs by using nanoparticulate carriers
(Zhao and Castranova, 2011). Examples of some applications of nanomaterials in
medicine include fluorescent biological labelling (Wang et al., 2002, Chan and Nie, 1998,
Bruchez et al., 1998), drug delivery (Malam et al., 2009, Faraji and Wipf, 2009, Yang et
al., 2015, Goenka et al., 2014) and tissue engineering (Goenka et al., 2014, Zhang and

Webster, 2009, Harrison and Atala, 2007).

2.5 Examples of nanomaterials and their properties

This section discusses examples of nanomaterials. Information about four different
commonly used engineered nanomaterials, namely ceria, zirconium doped ceria, zinc
oxide and copper oxide is given. The chemistry and properties of the metal and metal

oxide, synthesis and uses of the metal oxide of each nanomaterial will be discussed below.

2.5.1 Cerium

Cerium was first discovered by Wilhelm Hissinger and Jons Jacob Berzelius in
1803 in its oxide form and simultaneously isolated by Martin Klaproth (Royal Society of
Chemistry, 2015a). Carl Gusteav Mosander followed to successfully isolate this element
in 1839 (Cole, 2011).

Cerium is used in the form of mischmetal for metallurgical purposes (Prospect,
2010). Mischmetal reacts with impurities in reducing the effect of these impurities on the

properties of the metal.

22



The element cerium, having an atomic number of 58 forms part of the lanthanide
series and is the most abundant rare earth element (US EPA, 2009, Prospect, 2010, Royal
Society of Chemistry, 2015a). It is a very reactive iron-grey, ductile, malleable metal
(Prospect, 2010, US EPA, 2009, Royal Society of Chemistry, 2015a) having a melting
point of 798 °C, a boiling point of 3,443 °C and a density of 6.770 gcm™ (Prospect, 2010,
US EPA, 2009, Royal Society of Chemistry, 2015a). Cerium is a strong oxidising agent
that is stabilised by means of an oxygen ligand. When present in compounds, cerium can
exist as cerous, that is in its trivalent state (Ce®") or as ceric, that is in its tetravalent state
(Ce*) (Prospect, 2010).

In nature, it can be found along with other lanthanides however due to its
tetravalent valency state stability it can be separated out from other rare-earth elements

which can only exist in the trivalent state (US EPA, 2009).

2.5.2 Cerium Dioxide

Cerium dioxide, also referred to as cerium oxide or ceria, has the molecular
formula CeO,. Exposure to commercially used cerium compounds is most likely through

exposure through cerium dioxide (US EPA, 2009).

2.5.2.1 Properties of Ceria

Table 2.1 shows some of the properties of ceria (Prospect, 2010).
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Table 2.1 Properties of ceria

Property Details
Molecular weight 172.11
Molecular Formula CeO,

Form

Melting point
Density

Water solubility

Other solubility

Pale-yellow, heavy powder. White when pure.
2400 °C

7.65 g/cm®

Insoluble

Insoluble in dilute acid

2.5.2.2 Fundamental properties of ceria

The ability for ceria to have such extensive uses is due to its properties (Chen and

Chang, 2005). These properties include its semi-conductivity, high thermodynamic

affinity for oxygen and sulphur and radical scavenging due to its cubic fluorite structure

(Baer et al., 2013, Lin et al., 2006, Di Monte et al., 1998, Logothetidis et al., 2003,

Campbell and Peden, 2005, Bamwenda and Arakawa, 2000, Kuchibhatla et al., 2012,

Morris et al., 2013). Additionally ceria also has UV-blocking properties due to absorption

below 400 nm caused by charge-transfer bands (Masui et al., 1997).
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Figure 2.8 Graphical illustration of the ceria oxygen vacancy formation. An oxygen atom moves away from

its lattice position leaving behind two electrons which localise on two cerium atoms, turning Ce (4+) into Ce

(3+) (Skorodumova et al., 2002).

Most important is its redox ability to cycle between Ce®" and Ce*" (that has a
characteristic yellow colour) (Paulenova et al., 2002, Kuchibhatla et al., 2011, Merrifield
et al., 2013, Skorodumova et al., 2002). In ceria oxygen vacancy formation occurs by
means of an oxygen atom moving away from its lattice position and hence leaving behind
two electrons as seen in Figure 2.8. These two electrons localise on the 4f orbital of two
neighbouring cerium atoms resulting in the change from Ce (4+) to Ce (3+) (Skorodumova

etal., 2002). In an oxygen rich environment this process is reversed.
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2.5.2.3 Synthesis methods of Ceria

There are various synthesis methods to produce ceria (Morris et al., 2013, Chen
and Chang, 2005, Fu et al., 2003). Some of these are: sol-gel techniques, forced
hydrolysis, sonochemical, pyrolysis (Méadler et al., 2002), microemulsion (Masui et al.,
1997), precipitation (Morris et al., 2013, Chen and Chang, 2005), thermal hydrolysis

(Hirano and Inagaki, 2000), hydrothermal and electrothermal.

2.5.2.4 Ceria Uses

Ceria was first commercially used in 1999 as catalytic agents in diesel particulate
filters (De Marzi et al., 2013). Since then its use has increased and become more diverse.
Nowadays it can be found in optical equipment, micro-electronics, solid oxide fuel cells,
solar cells, catalysis applications, bio-medical applications, oxidation resistance, UV
absorbents and filters, anti-reflective coatings, abrasives for chemical mechanical
planarizations and metallurgical and glass/ceramic applications (Baer et al., 2012, Djuri¢i¢
and Pickering, 1999, Lin et al., 2006, Matijevi¢ and Hsu, 1987, Logothetidis et al., 2003,
Yin et al.,, 2002, Kuchibhatla et al., 2011, Chen and Chang, 2005, Bamwenda and
Arakawa, 2000, Morris et al., 2013).

CeO, MNMs are used as a diesel additive directly into fuel to catalytically promote
soot oxidation and degradation since the particle remains intact but Ce®*" on the surface is
oxidised to Ce**. Because most of the CeO, is likely to be captured by diesel filters or the
catalytic converter (Ulrich and Wichser, 2003), its pathway to the landfill and/or to

recycling is considered very important (Park et al., 2008). Little is known about how
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MNM materials flow through recycling plants and so determining whether CeO, will make
it back into the environment via this route is important. Likewise little is known of the fate
and reactivity of nano CeO, once released into the atmosphere. CeO, NP can form
secondary organic aerosols by the adsorption of organic molecules on their surface (Lee
and Donahue, 2011). Because of its ability to adsorb oxygen on its surface defects
(oxygen vacancies), it was shown to efficiently reduce H,O,, a common constituent in the
atmosphere (Heckert et al., 2008) to decarboxylate & polymerise small organic molecules

(Cervini-Silva et al., 2005), thus altering a number of other atmospheric species.

2.5.3 Zirconium doped Ceria

Nanomaterial doping is the deliberate introduction of one atom into the structure
(or lattice) of another in order to manipulate the properties of the main structure to obtain
specific properties. Doping nanomaterials provides a flexible way to tune to the properties
of the materials while maintaining their high surface areas (Chen et al., 2005). Some
examples of doping synthesis techniques include precipitation (Chen and Chang, 2012)
and wet chemical synthesis (Meyssamy et al., 1999).

The CeO,-ZrO, system is one of the most studied mixed-metal oxides in the
literature due to its important role in the operation of automotive catalysts (Lukehart and
Scott, 2013). The incorporation of zirconium into the cerium dioxide lattice has been
shown to strongly affect the redox properties of ceria by increasing its oxygen storage

(Ozawa et al., 1993, Fornasiero et al., 1995).
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2.5.3.1 Synthesis methods of Zirconium doped Ceria

Examples of synthesis methods used to obtain zirconium doped ceria include
precipitation (Chen and Chang, 2012), hydrothermal (Chen et al., 2009, Weng et al.,
2009), gel route (Fornasiero et al., 1995) and inorganic sol-gel technique (Hartridge and

Bhattacharya, 2002, Fornasiero et al., 1995, Liang et al., 2008).

2.5.3.2 Zirconium doped Ceria Uses

The main use of zirconium doped ceria is in catalytic science (Aneggi et al., 2006)
with the aim of obtaining optimised catalytic properties for ceria (Zhang et al., 2006a).
Zirconium doped ceria has been thoroughly investigated for the three-way catalyst (TWC)
application due to the unique oxygen storage capacity and has gained more attention on the
utilisation for diesel soot oxidation (Liang et al., 2008, Pisarello et al., 2002). Zirconium
doped ceria particles have also been used as ion conductors (Hartridge and Bhattacharya,

2002) and resistive oxygen sensors (Chen and Chang, 2012).

2.5.6 Zinc

Zinc was discovered by Andreas Marggraf in 1746. Zinc, having atomic number
30, is a transition metal and mostly used to galvanise metals. It has a melting point of

419.527 °C and a boiling point of 907 °C (Royal Society of Chemistry, 2015c).
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2.5.7 Zinc Oxide

Zinc oxide has the molecular formula ZnO and is naturally found as zincite,
appearing red/orange due to manganese impurities. A single crystal of ZnO is colourless
whilst pure microcrystalline ZnO is white turning yellow on heating and reverting to white

on cooling (Association, 2011).

2.5.7.1 Properties of Zinc Oxide

ZnO has a wide band gap of 3.37 eV and large exciton binding energy making it
suitable for optoelectronics in the blue/UV region (Anderson and Chris, 2009, Klingshirn,
2007b, Klingshirn, 2007a, Moezzi et al., 2012, Yan et al., 2004). It has piezoelectric and
pyroelectric properties (Sunandan and Joydeep, 2009). Its surface conductivity is highly
sensitive to different gaseous species adsorbed to the surface (W6ll, 2007, Anderson and
Chris, 2009). ZnO also has high thermal conductivity and radiation hardness (Anderson

and Chris, 2009). Other basic properties can be seen in Table 2.2 (Association, 2011).
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Table 2.2 Properties of zinc oxide

Property Details
Molecular mass 81.37 amu
Density 5.606 gcm™
Stable phase at 300 K Wurtzite
Melting point 1975 °C
Sublimation temperature 1200 °C

Thermal conductivity
Band gap (RT)

Refractive index

0.6, 1-1.2 Wem™ect
3.370 eV

2.008

2.5.7.2 Crystal structure

ZnO can have three structures namely hexagonal wurtzite, cubic zinc-blende

structure and a rarely-observed cubic rock-salt structure as seen in Figure 2.9 (Ozgiir et al.,

2005, Klingshirn, 2007a, Desgreniers, 1998). However, under ambient conditions

crystalline ZnO has a wurtzite crystal structure.
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Rocksalt Zinc blende Wurtzite
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Figure 2.9 Stick and Ball representation of ZnO crystal structures (a) rarely-observed rock-salt structure, (b)
zinc blende and (c) wurzite, where the grey balls denote Zn?*ions whilst black balls represent O%ions (Ozgiir

et al., 2005).

2.5.7.3 Zinc oxide synthesis

ZnO synthesis methods include the sol-gel method, the evaporation of solutions
and suspensions, evaporative decomposition of solutions, conventional ceramic
fabrication, and wet chemical synthesis (Guo et al., 2000). Other methods are those of
microemulsion synthesis, mechanochemical processing, spray pyrolysis and drying,
thermal decomposition of organic precursor, RF plasma synthesis, supercritical-water
processing, self-assembling, hydrothermal processing, vapour transport process,
sonochemical or microwave-assisted synthesis, direct precipitation and homogeneous

precipitation (Kumar et al., 2013, Arora et al.).
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2.5.7.4 Zinc oxide uses

The use of ZnO is first recorded in 2000 B.C. where it was used in medicinal skin
cream (Frederickson et al., 2005). Throughout the years ZnO has been employed in other
sectors although today its use in some of these has been replaced. One such example is
paints. Nowadays 1.2 million tonnes of ZnO are produced annually with the main
application being the rubber industry (Moezzi et al., 2012, Klingshirn, 2007a). Figure 2.10
shows the application of ZnO in different sectors. These include the rubber, ceramic,

chemical, paint, agricultural, electronic and pharmaceutical industries.

® Rubber m Ceramic m Chemical m Electronic

m Agricultural m Other m Paint ® Pharma.

Figure 2.10 The application of ZnO in the different sectors (Association, 2011)

ZnO is used for preparing solar cell, gas sensors, chemical absorbent varistors,
electrical and optical devices, electrostatic dissipative coating, catalysts for liquid phase
hydrogenation, and catalysts for photo-catalytic degradation instead of titania
nanoparticles (Hong et al., 2009). It is also an approved sunscreen ingredient in many
countries around the world due to its sun protection properties. This is because it has been

found that sunscreens containing physical blockers of UV light (such as zinc oxide
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particles) are highly effective in protecting cells against UV-induced DNA damage
(Cayrol et al., 1999). Pinnell et al. (2000) have shown that zinc oxide absorbs UV-
radiation more effectively than titanium dioxide (TiO;) over a broad range, particularly in
the UVA region. This has resulted in zinc oxide sometimes being the sole active

ingredient in some broad-spectrum sunscreens.

2.5.8 Copper

Copper, which is a reddish-gold metal, was discovered in prehistoric times.
Copper has an atomic number of 29, a melting point of 1084.62 °C and a boiling point of
2560 °C. Copper metal does occur naturally but by far the greatest source is in minerals
such as chalcopyrite and bornite. Copper is obtained from these ores and minerals by
smelting, leaching and electrolysis. Its most common use is in electrical equipment

including wiring and motors (Royal Society of Chemistry, 2015b).

2.5.8.1 Copper Oxide

Copper can form two oxides, copper (1) oxide and copper (I1) oxide. Copper (I)
oxide occurs in nature as the red or reddish brown mineral cuprite with a cubic or
octahedral crystal morphology. Depending on the method of preparation and particle size,
the synthetic material is yellow, orange, red, or purple. It has a melting point 1235 °C and
decomposes above 1800 °C (Richardson, 2000).

Copper (I1) oxide occurs in nature as the black minerals tenorite (triclinic crystals)

and paramelaconite (tetrahedral, cubic crystals). It has a melting point 1330 °C and
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decomposes above 1030 °C. Copper(Il) oxide is used as a precursor to a number of

copper(1l) salts (Richardson, 2000).

2.5.8.2 Copper Oxide synthesis

This is achieved through various preparation methods including sonochemical,
alcohothermal synthesis, direct thermal decomposition, electrochemical methods, colloid-

thermal synthesis process and microwave radiation (Suleiman et al., 2013).

2.5.8.3 Copper oxide uses

Copper oxide nanomaterials are being used in catalysts, electronics and technology
(semiconductors, electronic chips, heat transfer nanofluids, superconductors and electrode
materials) (Mudunkotuwa et al., 2012, Bondarenko et al., 2013), gas sensors, solar cells
and lithium batteries (Bondarenko et al., 2013). Other applications include wood
preservation (Heinlaan et al., 2008). Copper oxide has also been used to fight the
undesirable growth of bacteria, fungi and algae hence its use in face masks, wound
dressings and socks to give these products biocidal properties (Bondarenko et al., 2013).
Figure 2.11 shows the annual production volumes of copper oxide nanomaterials

(Bondarenko et al., 2013).
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Figure 2.11 The annual production volumes of copper oxide nanomaterials (data are adapted from Piccinno
et al. (2012)). The numbers next to each application category indicate the number of articles retrieved in
2013 from Thomson Reuters 1Sl Web of Science and their respective percentage share (Bondarenko et al.,

2013).

2.6 Nanotechnology concerns

Despite nanotechnology’s popularity there are related concerns due to the fact that
the properties of nanomaterials may differ from those of the bulk material and this may
also apply to their toxicity. In addition, their small size may enable them to interact with
the cellular machinery in ways that are different to bulk materials and may be hazardous.
One concern is the lack of legislative measures to ensure that nanomaterials are fully
assessed for their safety and that manufacturers label their products as having nano-
components.

The increased production and use of NMs also results in the release of such
materials into the environment (Figure 2.12) (Nowack and Bucheli, 2007, Thwala et al.,

2013, Tso et al., 2010) both intentionally and unintentionally (Nowack and Bucheli, 2007)
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and hence the concerns of exposure of humans and other organisms have been increasing

(Kim et al., 2010, Karakoti et al., 2012, Tso et al., 2010).

Figure 2.12 Nanomaterial lifecycle resulting with release into the environment (Mitrano et al., 2015).

The impact of nanomaterials on biota is poorly understood (Thwala et al., 2013,
Rickerby and Morrison, 2007, Mudunkotuwa et al., 2012), partly due to the lack of data at
environmentally realistic conditions (Cumberland and Lead, 2009). The U.S.
Environmental Protection Agency have said that “Not enough is known to enable
meaningful predictions on the biodegradation of nanomaterials in the environment and
much further testing and research are needed” (Environmental Protection Agency, 2007).
Furthermore, to date, few studies have tried to establish the changes that nanomaterials

undergo when incorporated into, and released from, products.
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2.7 Exposure to nanomaterials

The release of nanomaterials which may be from point sources or nonpoint sources.
Point sources are locations of localised release, such as production facilities, landfills or
treatment plants whilst nonpoint sources are diffuse and widespread release locations,
following product use (Nowack and Bucheli, 2007). The release of these materials in turn

leads to environmental and human exposure.

2.7.1 Environmental release of nanomaterials

Whether or not nanomaterials are released directly into the water, soil or
atmosphere, they ultimately end up in one of these environmental compartments
(Gottschalk et al., 2015, Maurer-Jones et al., 2013, Keller et al., 2013) . Environmental
release varies on the basis of the prevailing conditions during the release. Some of these
include the handling, the form of the MNM, its persistence and the source magnitude
(Nowack and Bucheli, 2007). Once present in the environment there are a number of
complicated ecological processes that nanomaterials can become involved in where they
are affected by environmental factors such as light, oxidants or microorganisms (Larner et
al., 2012, Nowack and Bucheli, 2007, Lowry et al., 2012, Louie et al., 2014). Figure 2.13
shows the pathways to exposure and the fate of NMs in the environment (Oberdorster et

al., 2005).
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Figure 2.13 Pathways to exposure and fate of NMs in the environment (Oberdorster et al., 2005).

2.7.2 Human exposure to nanomaterials

There are a number of routes through which humans may be exposed to nanoscale
objects. For example by inhaling combustion derivatives and other airborne nanoparticles,
consuming nanomaterial containing food and drink and being exposed to medically
administered nanoparticles (Rickerby and Morrison, 2007, Mitrano et al., 2015). The
specific mechanisms via which humans are exposed to nanomaterials are inhalation,
ingestion and skin exposure (Oberdorster et al., 2005). Exposure can be through direct
contact with nanoscale objects in the air, soil or water or indirectly through consumption of
plants or animals which have accumulated NMs (Nowack and Bucheli, 2007, Bergin and
Witzmann, 2013). Nanomaterials used in the food sector have the possibility of being
ingested and therefore induce exposure to humans (Mitrano et al., 2015, Bergin and
Witzmann, 2013, Martirosyan and Schneider, 2014). Several studies have shown that

ingested or inhaled NMs can cross biological barriers and migrate to various organs and
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tissues where they can potentially cause organ damage (Phenrat et al., 2008, Martirosyan

and Schneider, 2014, Feng et al., 2015, Bakand and Hayes, 2016).

2.8 Toxicology

As a result of toxicity concerns, “nanotoxicity”, the study of the toxicity of
nanomaterials, has become a major research objective (Aydin et al., 2012). Traditionally
toxicology was understood to be the study of the poisoning effects that chemicals have on
humans, animals and the environment. Indeed The Society of Toxicology defines
toxicology as “the study of the adverse effects of chemical, physical and biological agents
on people, animals and the environment” (Anon, 2011). The discipline of toxicology was
founded by Paracelsus (1493-1541) who was a German-Swiss physician and alchemist
(Online, 2014). He is credited to have popularised the phrase 'the dose makes the poison'.

Typical chemical toxicity testing involves obtaining dose-response relationships
between cells or organisms subjected to known doses of chemicals over a period of time.
These results then allow for the determination of appropriate dosages for drugs and
acceptable limits for exposure to pollutants (Anon, 2011). Similar studies are required for
nanomaterials and some nano specific protocols already exist. However, nanotoxicology
is more complex, not necessarily linearly related to dosage and dependent on properties
not traditionally affecting toxicity. These include size, surface charge, concentration,
coating and aggregation (Auffan et al., 2009). Thus, Cho et al. (2011) show that
sedimentation of NPs can influence how many NPs are taken up by cells in an in vitro

assay; this is not a variable that would have normally been considered in a toxicity assay.
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According to Elsaessar et al. (2012) MNMs bring about new toxicology challenges
that need to be overcome through further research. NMs have their own toxicity profile
that may vary from that of the bulk material, although the precise mechanism of this
variability still remains unclear (Thwala et al., 2013). Furthermore, twenty five years of
research have confirmed that nanoscale materials can display unexpected and unusual
toxicity with toxicological studies on the same nanomaterial and model system often
reporting slightly different conclusions (Anon, 2011).

Most toxicology studies have been carried out with mammalian cells and results
from such in vitro studies cannot be directly translated into potential effects in the
environment (Nowack and Bucheli, 2007). The lack of data at environmentally realistic
conditions is one of the major limitations in nano-ecotoxicology (Cumberland and Lead,
2009). Another challenge is the potential accumulation of NPs by organisms and the
transfer throughout food chains (Auffan, 2013). The effects of environmental abiotic
factors are often ignored and hence their toxicity effects are not well understood (Thwala
etal., 2013).

Many aspects in the study of nanotoxicity remain poorly studied and challenging
due to the difficulties in identifying, characterising and monitoring nanomaterials
particularly after their release into the environment. Two important parameters to consider
when it comes to toxicology are concentration and time (Auffan et al., 2009). In addition,
the environmental effects such as light, oxidants or microorganisms (Nowack and Bucheli,
2007, Valsami-Jones and Lynch, 2015a, Handy et al., 2008) on NMs cannot be predicted
from the known ecotoxicity of the bulk forms (Manier et al., 2012). Effective
communication of nanotechnology risk can contribute to sustainable development and

although nanotechnology risk media coverage has risen in the past years there is still a

40



need for more coverage and knowledge (Bostrom and Lo6fstedt, 2010). Additionally, to
date, many studies do not consider realistically relevant doses and therefore there is the
need to consider modifying and updating these studies in order to obtain more

environmentally applicable results.

2.8.1 Ceria Toxicity

In the case of ceria oxidative stress could play an important role in toxicity.
Oxidative stress results in macromolecular damage and is implicated in various disease
states such as diabetes, cancer and neurodegeneration (Ray et al., 2012). Oxidative stress
is common for metal-based nanoparticles (Aydin et al., 2012). This results in the release
of reactive oxygen species (ROS). ROS are chemically reactive species that consist of
radical and non-radical oxygen species formed by the partial reduction of oxygen (Ray et
al., 2012). ROS could serve as signalling molecules or the cause of oxidative damage to
the tissues. The role of ROS depends on the delicate equilibrium between ROS
production, and their scavenging (Sharma et al., 2012). According to Knaapen et al.
(2004), there are three main factors which cause ROS release. Firstly, active redox cycling
on the surface of NPs, particularly the metal-based NPs, secondly, oxidative groups
functionalised on NPs and, lastly, particle—cell interactions.

It has been suggested that one of the main factors causing this stress is active redox
cycling on the surface of nanoparticles such as in the case of ceria, where cerium can cycle
between Ce** or Ce** (Aydn et al., 2012) as discussed in Section 2.5.2.2.

To date a number of toxicity studies have been carried out on nano-ceria both in

vivo and in vitro. These include, but are not limited to, the following examples. Van
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Hoecke et al. (2009) studied the fate and effects of nano cerium oxide particles in aquatic
toxicity tests and concluded that chronic toxicity increases as particle diameter decreases.
In addition the toxicity is related to the surface area. Thill et al. (2006) studied the impact
of a model water dispersion of 7 nm cerium oxide NPs on Gram-negative bacteria
(Escherichia coli). The study concluded that in order for cytotoxicity to occur, direct
contact had to be made between the cerium oxide NPs and the E. coli. Yang et al. (1999)
studied the distribution and bioavailability of rare earth elements such as cerium in an
aquatic microcosm concluding that most of the elements were adsorbed by the sediment.
This could, however, lead to later re-release into the water if conditions change.

Morimoto et al. (2015) performed inhalation and intratracheal instillation studies of
cerium dioxide (CeO,) NPs to investigate the pulmonary toxicity. CeO, NPs induced both
acute and chronic inflammation. Some studies (Yokel et al., 2013, Gaiser et al., 2012,
Rotoli et al., 2012) reported a low toxicity of ceria towards eukaryotic cells, even though
no protective effect was observed. Thus, Gaiser et al. (2012) showed that even though
ceria NPs smaller than 25 nm or between 1 and 5 um adhered to cell membrane and
entered cells, they did not show any significant cytotoxicity. De Marzi et al. (2013)
studied the one-day and ten-day effects of ceria exposure on different cell lines and found
that the toxicity assays are greatly dependent on the systems being studied.

Furthermore, the combination of materials, for example the use of nanoceria with
other particles such as those in diesel exhaust, may increase their toxicity (Ma et al.,

2014a) and render the biosafety of nanoceria more challenging to determine.
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2.8.2 Zinc oxide Toxicity

Zinc oxide commonly undergoes dissolution, an important process potentially
affecting nanomaterial toxicity. Listed here are some examples (though not an exhaustive
list) of a number of toxicity studies, which have been carried out with zinc oxide.

Since ZnO NPs are widely used in sunscreen, human skin exposure is one of the
most important exposure routes. Cross et al. (2007) reported minimal dermal adsorption of
ZnO NPs from a nanoparticulate zinc oxide sunscreen formulation using Franz-type
diffusion cells exposed for 24 hours. Electron microscopy was used to verify the location
of NPs in exposed membranes.

A study by Reddy et al. (2007) showed that the toxicity of ZnO is selective to
different bacterial cells and human immune cells. This result could lead to biomedical and
antibacterial applications.

In a different study Cory et al. (2008) investigated the response of normal human
cells to ZnO NPs and compared them to the response of cancerous cells. The results
showed ZnO to have a strong preferential ability to Kill cancerous cells. This leads to the
possibility that ZnO NPs may be used as anticancer agents possibly further enhancing their
selectivity by linking tumour targeting ligands (Cory et al., 2008).

Zn0O has been studied by Nair et al. (2009) in order to investigate the specific role
of size, surface capping and aspect ratio of these particles on toxicity. This study was
carried out on prokaryotic and eukaryotic cells. Wet chemical methods were used to
synthesise the particles which were used to study cytotoxicity of mammalian cells by using
a human osteoblast cancer cell line. Antibacterial activity was tested using Gram-negative

bacteria (Escherichia coli) as well as Gram-positive bacteria (Staphylococcus aureus).
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Results showed that, as the particle size decreased, the antibacterial activity increased.
The results also suggested selective toxicity of the ZnO to cancer cells. Nair et al. (2009)
noted that the toxicity of ZnO NPs is greatly affected by the surface capping agent.

Li et al. (2012a) investigated the toxicity of ZnO NPs to isolated rat liver
mitochondria and found that the ZnO NPs resulted in collapse of mitochondrial membrane
potential, swelling, depression of respiration, inner membrane permeability to hydrogen
and potassium ions, alterations of ultrastructure, release of cytochrome, generation of
ROS, and Zn*" liberation from ZnO NPs.

Pasupuleti et al. (2012) studied the toxicity of zinc oxide NPs through the oral
route by comparing acute oral toxicological potential of nano-sized zinc oxide (20 nm)
with its micro-sized zinc oxide administered to rats in different concentrations. They
concluded that nano-size zinc oxide exhibited toxicity at lower doses.

The toxic effect of ZnO NPs to the environment have also been studied and
reported. Thus Lin and Xing (2008) measured plant root growth and seed germination
following treatment with five types of metal and metal oxide NPs and found nano-Zn in

the form of a Zn** solution and nano-ZnO in suspension form, to inhibit growth.

2.8.3 Copper oxide Toxicity

Copper is an essential element for organisms, required for maintaining homeostasis
(Galhardi et al., 2005). Despite this, copper ions may cause toxicity once they exceed the
physiological tolerance range in vivo (Zietz et al., 2003). This is the reason for the grave
concern of public and scientific researchers regarding the possible health effects and

toxicology of copper oxide nanomaterials.
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Toxicity assessment studies have primarily focused on investigating the effects of
different exposure routes, such as via the respiratory or gastrointestinal tracts. The toxicity
of spark-generated CuO NPs was evaluated in human bronchial epithelial cells and lung
adenocarcinoma cells (A549 cells) using an in vitro air-liquid interface exposure system
(Jing et al., 2015). It was found that dose-dependent toxicity was consistent between in
vitro and in vivo studies. Additionally, A549 cells were more susceptible to CuO NPs than
primary bronchial epithelial cells.

Karlsson et al. (2008) investigated and compared different NPs and nanotubes
regarding cytotoxicity and ability to cause DNA damage and oxidative stress. From the
particles studied (CuO, TiO,, ZnO, CuZnFe,04, Fe304, Fe;03), CuO NPs were most potent
regarding cytotoxicity and DNA damage. The study highlighted the in vitro toxicity of
CuO NPs and that this was not likely explained by Cu ions released to the cell medium.
These particles also caused oxidative lesions and were the only particles that induced an
almost significant increase in intracellular ROS (Karlsson et al., 2008).

Bulcke et al. (2014) studied the uptake and toxicity of copper oxide NPs in cultured
primary brain astrocytes. The brain astrocytes were exposed to 5 nm laboratory
synthesised dimercaptosuccinate-coated CuO NPs. Results showed that the NPs were
taken up by the cultured astrocytes and the excess of internalised copper oxide NPs caused
cell toxicity by accelerating the formation of ROS.

Environmental research into CuO NPs’ toxicity has mostly focused on their effects
on organisms, especially those in aqueous environments. One example is the study of Hu
et al. (2012) who investigated the toxicity of copper oxide nanoparticles in the blue mussel

(Mytilus edulis) by exposing the organisms to doses of copper oxide NPs. Toxicity was
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evident at the biochemical, cellular and histological levels with the main site of

nanoparticle accumulation being the gill.

2.9 Life cycle analysis

A very important consideration for assessing toxicity is life cycle analysis and
understanding (Tso et al., 2010, Mitrano et al., 2015, Hischier and Walser, 2012, Nowack
et al., 2010, Nowack et al., 2012, Fransman et al., 2016). The potential hazard posed may
change during the life cycle of the material from its time of manufacture through to its
disposal, recycling or transformation into other forms (Osmond and McCall, 2010,
Mitrano et al., 2015).

Assessing the environmental and human health implications of nanomaterials
requires an understanding of the potential exposure routes, nanomaterial property effects
on behaviour, possible transformations that the material can undergo and how these
transformations may occur through time. In other words a full analysis of what may

happen to a MNM through its life cycle (Mitrano et al., 2015).

2.10 Fate in the environment

Once released into the environment, nanomaterials including nanoparticles can
interact with various chemical and biological species (Elsaesser and Howard, 2012, Louie
et al., 2014, Lowry et al., 2012). Interaction with living species, both flora and fauna, may
result in a change in properties of the MNMs. The interactions that take place are

dependent on the materials’ chemical and physical properties as well as the characteristics
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of the receiving environment (Chen et al., 2008, Chen and Elimelech, 2008, Saleh et al.,
2008). Upon entry into the environment, NMs may remain intact or undergo: dissolution;
complexation (i.e. association with other ionic or molecular dissolved chemical
substances); biological or chemical transformation into other chemicals; complete
mineralization (to carbon dioxide and water, if C-based NMs or to sparingly-soluble
mineral phases, if metal-based NMs); agglomeration/disagglomeration; settling or a
combination of these (SCENIHR, 2009). These transformations taking place over time
change the behaviour, properties and toxicity of the nanomaterials (Sarathy et al., 2008,

Mitrano et al., 2015).

2.11 Properties influencing nanomaterial behaviour and interactions

Nanomaterials including nanoparticles can differ in both physical and chemical
characteristics as seen in Figure 2.14. Characteristics include shape, size, size distribution,
structure and crystallinity, composition, porosity and surface area, surface functionality,
surface charge, surface speciation, agglomeration state and concentration (Hassellév, 2009,
Christian et al., 2008). All these will have an influence on the behaviour, stability and

toxicity of the material.
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Figure 2.14. Various physical and chemical characteristics that will have an influence on the NPs’ behaviour

(Hassellév, 2009).

2.11.1 Nanomaterial Size and Surface Area

According to Hoet et al. (2004) the properties of particles can change depending
upon particle size. This is due to the number of atoms localised at the surface.
Nanomaterials’ small size gives rise to a high surface area to volume ratio, resulting in
increased chemical reactivity (Elsaesser and Howard, 2012). Figure 2.15 shows a decrease
in surface area to volume ratio for cuboctahedral nanoparticles where the fraction of
surface atoms is given as a percentage (Sonstrom and Baumer, 2011). This high surface
area to volume ratio is often correlated with higher biological reactivity. Increased surface
area may (Hansen et al., 2006) or may not (Hsiao and Huang, 2011) increase the cytotoxic

mechanisms compared with the particle size. Particle size can affect bandgap energy,
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melting point and reactivity (Romer Roche, 2013).  Additionally, changes in

characteristics based on size can result in increased toxicological effects (Aydin et al.,

2012).

Decrease of surface-to-volume ratio

92 % 76 % 63 % 52 %

Figure 2.15 Decrease in surface area to volume ratio for cuboctahedral nanoparticles (fraction of surface

atoms given as %) (Sonstrom and Baumer, 2011).

2.11.2 Nanomaterial Shape

Nanomaterials can exist in many different shapes including spheres, cubes, rods,
prisms and stars. Figure 2.16 shows TEM and SEM images of various shapes of gold
nanoparticles (CBNI, 2014). Due to quantum effects the shape of a nanoparticle can affect
its stability and toxicity (Cole, 2011). Different NM shapes may increase interactions with

organisms (Ispas et al., 2009) and organic materials.

49



bl
- |
»
<1
3
> 4
)
39

- 1 oy
~ 4 Pl SANS S,
HA'«"AJFE_’;"

%

Figure 2.16 Library of nanoparticle shapes: TEM and SEM micrographs gold nanoparticles by Dr Zeljka

Krpeti¢ (CBNI, UCD) (CBNI, 2014).

2.11.3 Nanomaterial Surface charge

Nanomaterial surface charge density plays an important role in many applications,
such as drug delivery and cellular uptake (Barisik et al., 2014). When a NP is immersed in
an aqueous medium, it becomes charged due to protonation/deprotonation on the particle
surface (Hunter, 1981). The resulting surface charge interacting with dissolved ions forms
the electrical double layer surrounding the charged particle (Stojek, 2010) as seen in
Figure 2.17. More counter-ions are accumulated, while co-ions are depleted within the

electrical double layer.
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Figure 2.17 Electric double layer (Kopeliovich, 2013).

Transport of nanoparticles highly depends on the particle’s surface charge
properties. Thus the process of nanoparticle translocation through a nanopore depends on
the surface charge densities of the pore and the particle (Ai et al., 2010). Due to the
curvature effects, a particle’s surface charge also depends on its size (Kobayashi et al.,

2005, Behrens et al., 2000).
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2.11.4 Nanoparticle Stability

The main concern when studying MNM toxicity is that they tend to agglomerate or
self-aggregate due to their surface charge. This in turn causes the MNMs to precipitate
due to their instability (Domenech et al., 2012). Stabilisation is in part determined by the
conditions of synthesis and hence may introduce difficulties in their fabrication and
subsequent application (Domeénech et al., 2012). Although aggregation is determined by
particle interactions based on surface charges, it is also dependent on the viscosity and
polarisability of the suspension medium (Bertrand et al.,, 2013). Water hardness
(effectively high ionic strength) has been found to worsen the agglomeration of engineered
nanoparticles (Thwala et al., 2013). In order to determine the stability of a nanoparticle
suspension, zeta potential (Figure 2.17) may be used as a proxy, and the background

theory for this is explained below.

2.11.4.1 Nanomaterial Interactions

The stability of NMs in a suspension is determined by the net electrostatic surface
interactions of the particles according to classic Dejaguin—-Landau—Verwey—Overbeek
(DLVO) theory (Stebounova et al., 2011). This theory was developed by B. Derjaguin and
L. Landau and independently by E. Verwey and J.T.G. Overbeek. It gives an explanation
of the stability of colloidal suspensions (Cole, 2011, Verwey, 1948, Derjaguin and Landau,
1993).

As seen in Figure 2.18, it describes the tendency of colloids to agglomerate or

separate based on the balance between two forces, electrostatic repulsion (V) and van der
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Waals attraction (Va), assuming there is a balance between them as seen from Equation

2.1 (Kopeliovich, 2013).

Van der Waals attraction

 — e S—
Electrostatic repulsion
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Figure 2.18 The two forces namely Van der Waals and electrostatic repulsion, on which the DLVO is based

(Kopeliovich, 2013).

Potential Energy of Particles (Vy) =V, + Vg

Equation 2.1

The interaction forces between nanoparticles determine the fate of individual and
collective nanoparticles and in turn influence their behaviour. If the repulsive forces are
greater than the attractive forces stability of the suspension will result; however if they are
not this will result in coagulation (flocculation) (Bertrand et al., 2013).

The electrostatic repulsion is the repulsive interaction between the charges of the
electric double layers on neighbouring particles. The electrostatic repulsion is dependent
on the Stern constant and on the thickness of the double layer. It becomes significant

when two colloids approach each other and their electrical double layers begin to interfere.
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The electric repulsive potential energy can be calculated from equation 2.2 (Kopeliovich,

2013):

Ve = 2meeyri?e™kx

Equation 2.2

where ¢ is the dielectric constant of the solvent, &, is the vacuum permittivity, C is
the zeta potential, r is the radius of the particle and k is a function of the ionic
concentration.

According to IUPAC, Van der Waals forces are ‘the attractive or repulsive forces
between molecular entities (or between groups within the same molecular entity) other
than those due to bond formation or to the electrostatic interaction of ions or of ionic
groups with one another or with neutral molecules. The term includes: dipole—dipole,
dipole-induced dipole and London (instantaneous induced dipole-induced dipole) forces.
The term is sometimes used loosely for the totality of nonspecific attractive or repulsive
intermolecular forces’ (IUPAC. Compendium of Chemical Terminology, 1997). The Van
der Waals attractive potential energy can be calculated from equation 2.3 (Kopeliovich,

2013):

v — Ar
47 12«

Equation 2.3

where A is the Hamaker constant, r is the radius of the particles and x is the

distance between the surfaces.
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Although the DLVO theory can be used to quantitatively estimate the energy of a
colloidal system, it has some limitations with respect to NM dispersions. This theory is
only applicable when there is no interference with diffusive or attractive forces (Kallay and
Zalac, 2002). Also NMs generally do not show electrostatic stabilisation and on
aggregating they may exhibit a complete overlap of the diffuse layers (Kallay and Zalac,
2002). Other limitations include that the theory cannot describe effects associated with
particle properties such as shape as well as with dilute dispersions with low salt

concentrations (Cole, 2011).

2.12 Stabilisation of Nanomaterials

When the NM surface is not protected by a molecule, interactions between NMs
will occur to reduce their surface energy and this is what will lead to aggregation (Ju-Nam
and Lead, 2008). Therefore an important feature in the production of the metal NMs is the
ability to keep them physically isolated from each other to prevent this agglomeration and
any possible further reactions (Thi My Dung Dang, 2013). The stabilisation of NMs is

specifically required to:

i. prevent their uncontrollable growth
ii. prevent aggregation
iii.  control their final shape and size
iv. allow particle dispersability in various solvents

v. terminate the material growth reaction (Domenech et al., 2012).
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Stabilisation occurs through colloidal forces. These colloidal forces can be
classified in three main types: Van der Waals interactions (electrosteric), electrical double-
layer interactions (electrostatic) discussed above as well as steric interactions as seen in
Figure 2.19. Apart from these forces, hydrophobic and solvation forces also play a role in
the stabilisation of NMs. The most popularly employed method is polymer-assisted
fabrication. Stabilisation with polymers occurs by two simultaneous approaches which
influence one another. Firstly the substantial increase in viscosity of the polymer matrix
and secondly the decrease in the energy of particle-particle interactions (Doménech et al.,

2012).

Electrostatic
stabilization

- Anion
U Surfactant, polymer

Electrosteric
stabilization

Figure 2.19 Schematic of the main mechanisms that can be used for the stabilisation of NPs (assuming

positively charged surfaces) (Bertrand et al., 2013).
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2.13 Capping Agents

Often nanoparticles are surface-modified or coated or capped with inorganic or
organic matrices (Figure 2.20) in order to obtain specific properties (Nowack and Bucheli,
2007, Labille et al., 2010). These properties include inhibiting nanoparticle overgrowth
and aggregation as well as precise control of the structural characteristics of the resultant
nanoparticles (Niu and Li, 2013).

The ligand molecule has to first bind to the particle surface by some attractive
interaction, either chemisorption, electrostatic attraction or hydrophobic interaction, most
commonly provided by a head group of the ligand molecule (Sperling and Parak, 2010).
As seen in Figure 2.19 the repulsive force between particles can then result from

electrostatic, electrosteric or steric stabilisation depending on the particle system.

CH,

CHs

Figure 2.20 A 5 nm nanoparticle with different hydrophobic ligand molecules examples (left to right:
trioctylphosphine oxide (TOPO), triphenylphosphine (TPP), dodecanethiol (DDT), tetraoctylammonium

bromide (TOAB) and oleic acid (OA)) (Sperling and Parak, 2010).
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It is important to note that this capping, besides resulting in the stabilisation of the
nanoparticles (Yang and Rahaman, 1997) also affects the behaviour of the nanoparticles
(Nowack and Bucheli, 2007). Just like the core of the nanoparticle, the shell can also
undergo transformations (Talapin and Yin, 2011). These changes in behaviour need
further study.

Examples of commonly used nanoparticle capping agents include citrate,
polyethylene glycol (PEG) and polyvinylpyrrolidone (PVP). The latter example is

discussed below.

2.13.1 Polyvinylpyrrolidone (PVP)

One of the most frequently used protective agents in metal NMs synthesis is
poly(N-vinyl-2-pyrrolidone) (PVP) (Hoppe et al., 2006), the structure of which can be seen

in Figure 2.21.

- -n

Figure 2.21 Structure of PVP monomer

PVP is a water-soluble polymer due to its hydrogen bonding capability. It has been

extensively used as a protecting agent against agglomeration of metal colloids in the well-
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known polyol process (Sun and Xia, 2002). In this synthetic procedure the PVP polymer

is considered to act both as solvent and as reducing agent of the metal ions (Figure 2.22).
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Figure 2.22 Reaction of PVP and metal ions in the presence of water to form nanoparticles.

Hoppe et al. (2006) have put forward two possible mechanisms to explain the
reduction step. The reduction process can be due to direct abstraction of hydrogen atoms
from the polymer by the metal ion and/or reduction of the metal precursor by organic
macroradicals formed by degradation of PVP (Hoppe et al., 2006).

Due to PVP’s ability to act as a reducing agent (Zhang et al., 1996) by varying the

ratio of metal salt to PP, the size and shape of the nanoparticle can be tuned.

2.14 Transformations

Once released into the environment, NMs undergo complex interactions and
transformations that determine their fate, the exposure concentration and form, and the
biota they may interact with (Baalousha et al., 2014, Mitrano et al., 2015).

Transformations are changes that occur to the nanomaterial or the nanomaterial
coating or the conformation of a number of nanomaterials or all of these, changing their
behaviour and properties over time (Sarathy et al., 2008, Mitrano et al., 2014, Louie et al.,
2014). Just as the release of MNMs into the environment could occur at any time during

the manufacturing, use or disposal of the nano-product, transformations can occur at any
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point within the materials’ life cycle (Mitrano et al., 2014). The time at which a
nanomaterial transforms during its life cycle affects its fate, transport and behaviour.

The interactions and transformations of NMs in the environment depend on the
physical and chemical characteristics of the NMs and the environmental compartment to
which they are released (Baalousha et al., 2014, Louie et al., 2014).

Environmental factors, such as temperature and humidity among others, may play a
role on these transformations (Thwala et al., 2013). These changes vary from one
nanomaterial to another, depending on their physicochemical properties (Mitrano et al.,
2015), e.g. the nanomaterial’s size (Nowack and Bucheli, 2007, Rickerby and Morrison,
2007), shape/structure, surface area, charge, surface coating and chemical reactivity of the
surface and its solubility (Kim et al., 2010, Aydin et al., 2012, Thwala et al., 2013,
Karakoti et al., 2012, Labille et al., 2010).

The uniqueness of every nanomaterial’s situation results in a great deal of
complexity and the consequences of one slight change in one of the nanomaterial’s
parameters could be significant transformations of the nanomaterial.

Transformations have the possibility of increasing potential toxicity, as in the case
of silver where silver ions are released, or decreasing reactivity, as in the case of
adsorption of organic matter onto the surface of the nanoparticle.  Therefore,
understanding and determining these transformations could help to better recognise the
benefits or risks of these materials (Mitrano et al., 2015).

Key transformations that nanomaterials can undergo include physical mechanisms,
degradation and transformation and surface modification (Figure 2.23). These include
biological transformations, interactions with macromolecules and physical and chemical

transformation and could result in toxicology behaviours and effects, potential
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accumulation in an organism and transfer through the food chain (Nowack and Bucheli,
2007, Tso et al., 2010, Rickerby and Morrison, 2007, Lowry et al., 2012, Auffan, 2013,
Lynch et al., 2014). The physical state and chemical form of the NMs are of particular
concern as they will determine the pathways of NMs within ecological systems and their
toxicity to a particular organism (Larner et al., 2012). It is important to understand and
characterise the changes as they occur over time (Karakoti et al., 2012). This is as yet not
well understood (Mudunkotuwa et al., 2012). The transformations taking place are highly
dependent on the nanomaterial. In addition, a whole range of other behavioural changes
may also take place including photochemical modifications, dissolution, aggregation and
surface adsorption which all directly affect the mobility and uptake of nanomaterials

(Nowack and Bucheli, 2007, Karakoti et al., 2012, Mudunkotuwa et al., 2012).
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Figure 2.23 Key transformations that nanoparticles can undergo (Mitrano et al., 2014).

2.14.1 Types of Transformations

Due to the vast number of NMs and their numerous applications it is important to

note that many different transformations exist (Mitrano et al., 2014, Lowry et al., 2012).

NM core transformations can be related to a number of well-known molecular chemistry

reactions. Transformations that NMs undergo can be grouped as chemical, physical,

62



biological or interaction with macromolecules and are discussed below (Lowry et al.,

2012) (Figure 2.24).
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Figure 2.24 The behaviour and effects of nanomaterials are dependent on the nanomaterial and critical

interactions that occur (Lowry et al., 2012).

2.14.1.1 Chemical Transformations

A chemical transformation is the conversion of a compound to one with a different
structure, valency or composition. There are numerous chemical transformations that can
occur due to various different factors. These can involve a change to the material surface,
a change in the oxidation state, or a formation of a core-shell material by surface reactions

(Mitrano et al., 2014).
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An example of a chemical transformation is a redox reaction. A reduction,
oxidation or both can take place changing the nanomaterial by the transfer of an electron
to and from chemical moieties (Louie et al., 2014). Whether or not NMs are reduced or
oxidised depends on the standard potential for the redox transformation and the availability
of a suitable oxidant or reductant. This happens to many elemental nanomaterials such as
silver, iron and cerium. Thus it has been demonstrated that Ag” ion can be reduced to
form Ag(0) NPs in the presence of organic matter (Hou and Jafvert, 2009) and ceria NPs
have been shown to be redox labile under environmental conditions and in biological
media (Karakoti et al., 2010).

Oxidation could result in the formation of an insoluble oxide surface coating,
hinder further oxidation and affect the behaviour of the nanomaterial. Oxidation could
also lead to dissolution (discussed below). Oxidation and reduction reactions are highly
influenced by water chemistry. Oxidising zones can be found in natural waters and aerated
soils whilst reduction areas can be groundwater and sediment. Redox cycling is very
common in tidal zones due to the dynamic environment present within these areas
(Mitrano et al., 2014, Lowry et al., 2012, Louie et al., 2014).

Another example of transformations is that due to light. Light may cause
excitation of the nanomaterial, free radical formation and/or changes to the MNM
surface/coating. Thus changes to the nanomaterial product can be due to incident light
wavelength, the ability of light penetration to the outer layers of the material and
photosensitivity or photo-degradation potential. There are certain nanomaterials that are
specifically used for their photo-catalytic ability. Examples of these include titanium
dioxide and zinc oxide, two nanomaterials that are commonly used in paints, self-cleaning

materials and sunscreen due to this property (Mitrano et al., 2014). Sunlight-catalysed
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redox reactions (photo-oxidation and photo-reduction) may prove to be a very important
transformation process affecting NM coatings, oxidation state, generation of ROS, and
persistence in the environment (Louie et al., 2014). Hence sunlight irradiation is thought
to influence the toxicity of silver nanoparticles in the environment since these particles are
UV light sensitive (Li et al., 2012b).

Combustion is another chemical transformation resulting in the oxidation of the
NM or its surface coating. This type of transformation occurs frequently during waste
incineration. In the case of ceria NPs it also occurs when petrol is burnt (Mitrano et al.,
2014).

Many NMs may undergo dissolution or form complexes with strong ligands
(Figure 2.25) (Louie et al., 2014). Dissolution is a reaction that involves the release of
individual ions or molecules that are water-soluble. Sulfidation is a reaction with sulphur.
These are chemical reactions that are especially common for soft metal cations such as
silver, zinc and copper (Mitrano et al., 2014, Louie et al., 2014). These transformations
can alter the surface charge and induce aggregation (Mitrano et al., 2014). Considering
zinc oxide NPs in a wastewater treatment plant, both sulphide and phosphate are important
ligands as zinc oxide is completely transformed to ZnS and Zn3(PO,), particles due to the
dissolution of zinc oxide followed by strong ligation as well as to Zn-ferrihydrite due to a

dissolution-adsorption reaction (Lombi et al., 2013, Ma et al., 2014b, Louie et al., 2014).
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Figure 2.25 Schematic illustration of various metal (Me) and metal oxide (MeOx) NP dissolution and

ligation processes (Louie et al., 2014).

Although a NM’s chemical transformation is not necessarily restricted to one
transformation process, it can nevertheless be the result of a single one. There is also the
possibility that various or successive chemical transformations can take place. One
example of such a nanoparticle is silver. Possible chemical transformations that may occur

to silver can be seen in Figure 2.26.
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Figure 2.26 Schematic of selected chemical transformations of silver nanoparticles in the environment.
Important transformations include photo-induced aggregation, sulfidation, dissolution, and complexation

with chloride (Louie et al., 2014).

2.14.1.2 Physical Transformations

A variety of physical transformations may affect the fate and effects of NMs.
These are changes that occur to the physical properties (e.g. size or shape) of the
nanomaterial (Mitrano et al., 2014). These transformations include aggregation and
disaggregation, and the adsorption of biomacromolecules. The latter can affect both

aggregation and disaggregation (Louie et al., 2014).
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2.14.1.2.1 Aggregation

One very important physical transformation that nanomaterials may undergo is
known as aggregation (in the case of tightly bound materials) or agglomeration (in the case
of loosely bound materials). This results in a change in the behaviour of the NMs and
possibly a decrease in toxicity (Mitrano et al., 2014). The small size of NMs means that
their transport is dominated by Brownian motion which is the random motion of particles
suspended in a fluid and is enhanced by thermal energy. It also gives them a very high-
surface area to volume ratio as mentioned in Section 2.2 and discussed in Section 2.11.1.
These two conditions make NMs highly susceptible to collisions with and attachment to
other surfaces (Louie et al., 2014). One of two types of agglomeration/aggregation may
occur, namely homoagglomeration/homoaggregation which occurs between the same type
of NM or heteroagglomeration/heteroaggregation which occurs between different types of
NM (Lowry et al., 2012, Mitrano et al., 2014). Figure 2.27 shows homo and hetero

aggregation for nanoparticles.

Aggregation increases size and
decreases available surface area
2, and reactivity

Light%** —

Heteroaggregation increases
¥ size of the particles and affects
transport and reactivity

Figure 2.27 Physical transformations of nanoparticles depicting homo and hetero aggregation (Lowry et al.,

2012).
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Since in environmental systems the concentrations at which nanoparticle solutions
will be found will be likely to be dilute, homoagglomeration/homoaggregation is unlikely
and heteroagglomeration/heteroaggregation will tend to dominate. This may result in
changes in transport, dissolution, reactivity and bio-uptake as have been recorded for NPs
including silver (Bae et al., 2013, Louie et al., 2014) and zinc oxide (Ma et al., 2014b,

Louie et al., 2014, Lin and Xing, 2008).

2.14.1.2.2 Disaggregation

Disaggregation, or aggregate breakup, may also affects NM behaviour; however
this transformation is less well understood than aggregation. There are a number of factors
that can affect the strength of attraction between aggregated NMs and therefore the
potential for disaggregation includes the presence of surface coatings on the NM or
organic macromolecules in solution, pH, ionic strength, time, and flow conditions (Louie

etal., 2014).

2.14.1.2.3 Adsorption

Adsorption occurs when a mono-layer of organic and inorganic ligands forms on
the surface of the nanoparticle by means of Van der Waals attractions or electrostatic
interactions or chemical bonding. Adsorption may affect a NM’s dissolution, charge and
stability against aggregation. Adsorption can also take place with macromolecules and is

discussed below in Section 2.14.1.3.
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2.14.1.3 Biological Transformations

These are changes that occur to the nanomaterial and are related to living
organisms or tissue (intercellular or extracellular) and environmental media (e.g. soils)
(Louie et al., 2014, Lowry et al., 2012). Biological interactions, in the same way as
physical ones, can affect surface charge, aggregation state and reactivity. These could
occur to the core or the coating and possibly change the NMs’ transport, bioavailability
and toxicity (Lowry et al., 2012) by affecting surface charge, aggregation and reactivity
(Mitrano et al., 2014). A significant biotransformation is the adsorption of
biomacromolecules. Redox reactions are also fundamental to growth in all biological
systems and can take place between the nanoparticles and the cytoplasm, cell wall, cell
membrane or extracellularly via redox-labile enzymes and cytochromes or through
ancillary intracellular ROS production such as hydroxyl radicals or H,O, (Louie et al.,
2014, Lowry et al., 2012).

An example of biological oxidation and biological degradation are shown in Figure
2.28. These transformations are dependent on the availability of biomolecules and can

occur in the presence of microbes, enzymes or during ingestion.
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Figure 2.28 Biological transformation with specific reference to biological oxidation and biological

degradation (Lowry et al., 2012).

Biological transformation studies have primarily been conducted in vivo/vitro for a
variety of cell lines and organisms, bacteria and fungi, and plants. Montes et al. (2012)
carried out an in vivo study using mussels which showed that in the study media ceria NPs
remained unchanged however zinc oxide NPs dissolved. Zhang et al. demonstrated uptake
and transformation of ceria NPs to cerium phosphate and cerium carboxylates in cucumber

plants (Zhang et al., 2012).

2.14.1.4 Interactions with Macromolecules

Nanomaterials have the potential to interact with macromolecules.

Macromolecules are molecules containing a very large number of atoms. There is a nearly

endless number of biomacromolecules in living cells and in the environment. Examples

include proteins and polysaccharides (Louie et al., 2014, Lowry et al., 2012).
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Proteins interact with NPs in living cells and the latter interact with NPs in the

environment (Lowry et al., 2012). One way in which these interactions can take place is

by means of adsorption whereby a mono-layer of macromolecules forms on the surface of

the NP. Adsorption of biomacromolecules on nanomaterial surfaces can occur in all

environments and can significantly affect their surface chemistry and resulting behaviour

in biological and environmental systems (Louie et al., 2014). These interactions that cause

transformations as seen in Figure 2.29, may result in the fate, transport and behaviour of

the nanomaterials in the environment to be varied.

Protein

Adsorption of biomacromolecules
affects aggregation,
uptake, biodistribution, dissolution,

Adsorption of NOM can displace
smaller ligands and stabilize the NMs

against aggregation
OR

Cause flocculation

Adsorption of NOM can lead to poorly
characterized heterogeneous mixed
polymer-NOM layers

Adsorption of NOM can decrease
NP-bacteria interactions or decrease
ion dissolution and therefore
decrease toxicily

Figure 2.29. Interaction of nanoparticles with macromolecules (Lowry et al., 2012).
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2.15 Ageing

An important aspect of life cycle analysis is to understand how transformations
(Section 2.14) are effected by time. Therefore, ageing is an important part of a
nanomaterial’s life cycle as it can be considered as a transformation over time from their
formation.

Most NMs react in ways that change their behaviour and properties over time
(Sarathy et al., 2008). Aged NMs no longer have the same characteristics of their pristine
counterparts (Mitrano et al., 2014).

From the literature it can be noted that there is a lack of long term studies taking
place. Baer et al. (2013) state that changes that NPs undergo over time and in different
environments are not well studied or documented. Labille et al. (2010) point out that the
exotoxicological tests of the original material only are not enough and it is of great
importance that ecotoxicological studies of the by-products formed by ageing are carried
out too.

Predominantly the focus on research to date has been on pristine materials due to
the complexity associated with exposure reactions in real-life environments. Nowack et al.
(2012) concluded that by only studying the pristine material the fate of the material cannot
be determined. Thwala et al. (2013) suggest that one needs to take into account future
implications on nanoparticles because changes in the physicochemical environment can
result in engineered nanoparticles that are more (or less) hazardous than the original ones.
Aged or released NMs can provide more realistic information. Hence the importance of

carrying out ageing studies in order to understand the transformation mechanism taking
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place during ageing and to carry out studies on aged samples in order to understand the
fate and behaviour of the nanomaterial.

To date there are no standard testing methods for ageing or accelerated ageing of
NMs. Only on very few occasions has the effect of aged NMs on the environment and
biological systems been considered. This distinct lack of information is what spurs the
need for investigating ageing of NMs and any results obtained will hopefully help to fill

some of the numerous gaps that exist in knowledge.

2.15.1 Accelerated Ageing

Accelerated ageing can be defined as a procedure that seeks to speed-up the ageing
process of a material to obtain in a short time the results that would occur in ageing under
normal conditions (Hemmerich 1998). This is achieved by subjecting the product to more
severe stresses than normal environmental conditions for a much shorter time. Accelerated

ageing tests are carried out for three main reasons, namely:

1.  To establish in short time the chemical stability or physical durability of a material

2. To estimate or “predict” potential long-term serviceability of material systems under
expected conditions of use

3. To better understand the possible chemical reactions involved and the physical

consequences of ageing a material (Feller, 1995).

Any stress factor that can affect the properties over time should be included in the

accelerated ageing. The results of these accelerated stress conditions are then correlated to
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those at normal operating or storage conditions using physically appropriate statistical

models (Hemmerich 1998).

2.15.2 Ageing studies

Unfortunately, there is a lack of knowledge and published material related to the
ageing of NMs. This section offers a literature review with a compilation of examples of
ageing studies.

Sarathy et al. (2008) studied the ageing of iron core/oxide-shell NPs in water
focusing on changes in composition, structure and reactivity. The results showed that the
iron NPs became more reactive in the first 2 days of water exposure and then gradually
lost reactivity over the next few hundred days. In addition the NPs aged for longer than 3
days acquired properties that are relatively stable over weeks or months.

Auffan et al. (2010) aged titanium dioxide NPs, which are used in cosmetics,
coated with an outer polydimethylsiloxane organic and an aluminium hydroxide inorganic
layer. Suspensions were magnetically stirred for 6, 24 or 48 hours in the dark or under
artificial daylight and results showed that 90 % of the total Si of the organic layer was
desorbed while the remaining fraction was surface oxidised. The inorganic layer was
affected to a lower extent and continued to protect against photocatalytic superoxide
formation.

Botta et al. (2011) investigated the physical and chemical evolution during artificial
ageing of four commercial sunscreens containing titanium dioxide NPs. Artificial ageing
was carried out in the dark or under light for 48 hours at 30 °C. Results showed a

significant release of colloidal residues containing titanium dioxide NPs from commercial
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sunscreens into aquatic environment after artificial ageing. These results raised
(eco)toxicity concerns for aquatic environments. Additionally, they highlighted the need
for complete nanotechnology risk assessments to evaluate the potential fate and indirect
exposure of nanomaterials not only during their manufacturing or use, but also throughout
their entire life cycle.

Pereira et al. (2011) studied the ecotoxicity and genotoxicity of soils contaminated
with organic and inorganic NPs as a function of time. Soil samples were contaminated
with aqueous suspensions of two organic and five inorganic NPs. These were then tested
after 2 hours and after 30 days. In general it was found that the toxicity after 2 hours was
higher possibly due to the NPs not having enough time to stabilise within the soil. They
found that ageing may have either contributed to the establishment of strong interactions of
NPs with the soil or have promoted the degradation of the organic shells with the release
of the core elements and an increased toxicity.

Kuchibhatla et al. (2011) studied the influence of ageing on the properties of
cerium oxide NPs. Ceria was synthesised and the oxidation states were measured as a
function of time by means of UV-Visible spectroscopy. The results showed that on ageing
a ceria solution, the concentration of Ce** initially increases imparting the characteristic
yellow colour with a maximum in intensity after 1-day of ageing. This intense yellow
colour fades on ageing for 1 week showing a decrease in the amount of Ce*" in the
solution. After 3 weeks of ageing, the solution appears pale yellow in colour indicating the
further reduction of Ce** and regeneration of Ce®". They proposed that the UV absorption
band edge in ceria NPs can be chemistry driven and may not always be due to pure

quantum confinement effects driven by particle size changes.
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Roro et al. (2012) simulated a 25 year ageing pattern for thermal absorbers made of
MWCNT/NIO composites by exposing them for 200 hours at 250 °C. This induced a
slight decrease in reflectance correlated with decreases of C/Ni and of particle size.

Mudunkotuwa et al.'s (2012) studies provided some insights into the impacts of
nanoparticle ageing and how the physicochemical characteristics and reactivity of
nanomaterials can change upon ageing. Mudunkotuwa et al. (2012) studied the effect of
ageing on copper by characterising and comparing fresh copper NPs, aged Cu NPs, and
CuO NPs that differ in the level of oxidation. The Cu(aged) NPs were allowed to sit in a
laboratory environment for several years under ambient conditions. Analysis took place as
a function of pH and in the presence and absence of citric and oxalic acid. The ageing of
the copper NPs was found to increase the average particle size and change the composition
when compared to Cu(new) NPs and CuO NPs.

Thwala et al. (2013) studied the toxicity effects of silver and zinc oxide engineered
NPs on duckweed. The experiments carried out were run for a period of 4 days and 14
days with the water medium used renewed on day seven. The results showed that the
potential risks to aquatic plants of the NPs tested were highly dependent on environmental
abiotic parameters. In addition, both particulates and dissolved ionic species account for
the toxicity of nAg and nZnO. Based on the evaluation of the results Thwala et al. also
suggest that one should not only consider present fate and biological effects, but should
also take account future implications because changes in the physicochemical environment
can result in engineered nanoparticles that are more hazardous. It was concluded that the
toxicity of nAg and nZnO was driven both by particulates as well as the dissolved ionic
species, and was directly influenced by environmental conditions such as pH and organic

matter.
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Rossano et al. (2014) studied the effects of ageing on the structure and stability of
titanium dioxide NPs containing oil-in-water emulsions. Following the development of
formulations incorporating different cosmetic grade TiO, NPs, ageing was performed
under classical conditions at room temperature or under accelerated conditions at 50 °C,
with or without TiO,. The changes in the emulsion stability and the aggregation state of
NPs were followed over time and results showed destabilisation under accelerated ageing
conditions. Additionally, the NPs strongly affected the particle—droplets interactions and
thus modified the emulsion microstructure with a coating-dependent effect.

Ceo fullerene nanoparticle suspensions were aged in the presence of microbes
(Chae et al., 2014). Fullerene Cgy aggregates were observed to decrease in size while
hydroxylation and photosensitised reactivity increased in the presence of microbes for 24
months. Stable-isotope-labelling Cgo aggregates aged in the presence of microbes for 203
days did not produce significant labelled carbon dioxide. The results show that while
microbes may play an active role in ageing fullerene nanomaterials the rate of
biodegradation of these particles is too slow to quantify or the biologically-enhanced
transformation of these particles does not occur through microbial biodegradation to

carbon dioxide.

2.16 Understanding nanomaterial risks

Although there is concern regarding the toxicity of NMs both to humans and the
environment, it is important to keep in mind that not all NMs are toxic. Toxicity depends
on a number of determining factors including chemical composition, shape, size and NM

ageing. It is vital to enhance our understanding of toxicology through various studies in
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order to obtain accurate information to establish well informed policy and regulatory
processes.

In order to understand whether the NMs present in the environment pose a risk to
the environment or to humanity a number of different questions have to be asked. These

include:

o Are MNMs toxic in their present form? How much?

e Will MNMs transform in the environment into more toxic forms?
e How do MNMs move though the environment?

e What are the pathways for exposure?

o What populations are likely to be exposed?

o What is the frequency and duration of exposure?

Information gained from answering these questions will result in a better
understanding of the NM and, subsequently, if it could be beneficial or pose a risk.

Botta et al. (2011) concluded their work by highlighting the vital need for a
complete risk assessment in order to assess the potential fate and exposure of complex

nanocomposite-based products during their lifetime.

2.17 Risk Analysis

Risk assessment studies for NMs have to take into account the toxicological
hazard, the probability of exposure and the environmental and biological fate, transport,

persistence, transformation into the finished product and recycling (Rickerby and
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Morrison, 2007, Nowack and Bucheli, 2007). For nanomaterials to pose a risk there must
be both a potential for exposure and a hazard that results after exposure as seen in the

classical paradigm equation below (Nowack and Bucheli, 2007, Prospect, 2010):

Risk = Hazard x Exposure

One without the other does not result in a risk.  According to Hassellov et al.
(2009) the environmental risk assessment requires thorough characterisation of the NMs in
question. Additionally it highlights the advantage of combining various complementing
methods together in order to obtain more valuable information for understanding

nanomaterial risks.

2.18 Conclusion

This chapter has given an overview and brought together the relevant literature that
precedes the work presented here. An introduction to what nano is was presented. The
extensive uses of nanomaterials in applications related to electronics, the food industry,
textiles, cosmetics, paints and coatings and medicine were reviewed and particular
attention was given to ceria, zinc oxide and copper dioxide as these are the nanomaterial
synthesised and used for the research.

Despite the widespread and valuable uses of nanomaterials there are concerns
associated with their widespread use before they have been fully assessed for their safety.

Evidence in support of such concerns was described above.
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In conclusion this review has highlighted two gaps in the knowledge which will be
addressed in this work. These are the need for a comparable library of NMs for toxicity
studies and a better understanding of how ageing influences the properties and behaviour
of nanomaterials. Therefore the following chapters aim to tackle the synthesis and
characterisation of a new nanomaterial library, study any chemical or physical alterations
to a predetermined nanomaterial set resulting from temperature ageing studies and finally
to study any chemical or physical alterations to a predetermined nanomaterial set resulting

from phosphate induced ageing studies.
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Chapter 3: Methodology

3.1 Introduction

This chapter gives a detailed description of the characterisation techniques and
methods used throughout this work. Following MNM synthesis and ageing, samples were
analysed and a comparative study was carried out. Samples were characterised by means
of various physical and chemical analysis techniques. The properties studied and the
methods used are summarised in Table 3.1. Each technique is discussed in more detail
below. Following this details on the sample preparation and procedure for each technique

are given as they were used in this work.
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Table 3.1 Properties studied and techniques used in this project.

Property Studied

Techniques used

Appearance — Shape and

size of NMs

Surface charge — Charge

at double electric layer

Size — NM Diameter

NM composition — NM
metal oxide core
chemical composition

and structure

NM dispersion metal

oxide concentration

Transmission Electron Microscopy

Scanning Transmission Electron Microscopy

Dynamic Light Scattering (Zeta Potential)

Dynamic Light Scattering
Transmission Electron Microscopy

Scanning Transmission Electron Microscopy

Ultra-Violet/Visible Light Spectroscopy

X-ray Photoelectron Spectroscopy

Electron Energy Loss Spectroscopy

Fourier Transform Infra-red

X-ray Diffraction Spectroscopy

Inductively Coupled Plasma — Optical Emission Spectroscopy
Energy-dispersive X-ray Spectroscopy

Extended X-ray absorption fine structure

Inductively Coupled Plasma — Optical Emission Spectroscopy
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3.2 Dynamic Light Scattering

3.2.1 Technique

3.2.1.1 Size

There are a number of techniques that can be used to measure particle size;
however, few of these have the ability to determine particle size less than 10 nm (Particle
Sciences, 2009). One of these is Dynamic Light Scattering (DLS). This method, also
known as Photon Correlation Spectroscopy or Quasi-Elastic Light Scattering, is a rapid
method capable of measuring the size of particles in solution without the need for
elaborate sample preparation (Malvern, 2013a, Malvern, 2015b). The size value obtained
is the hydrodynamic radius. This is defined as "the size of a hypothetical hard sphere that
diffuses in the same fashion as that of the particle being measured” (Malvern, 2015a).
Figure 3.1 shows the hydrodynamic diameter (D) measured in three different scenarios,
namely capped particles, aggregates and non-spherical particles. In the case of non-
spherical particles the resulting diameter calculated is indicative of the apparent size of the

dynamic hydrated/solvated particle.

Figure 3.1 Hydrodynamic diameter (Dy,) measured in three different scenarios - capped particles, aggregates

and non-spherical particles (Far, 2014).
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DLS works by using a coherent and monochromatic light, such as a laser, that
allows for the observation of time-dependent fluctuations. These are due to the Brownian
motion of the small particles, which in turn gives rise to constructive and destructive
interference (Berne and Pecora, 1976, Vajtai, 2013, Kaszuba et al., 2008). This occurs as
the light passes through the solution and on contact with the particles, is made to scatter
(Peters, 2000). In comparison with the wavelength, the intensity of the scattered light is
uniform for small particles (Malvern, 2015b). For larger particles the intensity is angle
dependent. This intensity is then detected by means of a photomultiplier.

The analysis of the time-dependent fluctuations, which normally occur by means of
a digital correlator, gives the diffusion co-efficient of the particles which may then be used
along with the medium viscosity and the Stokes Einstein equation, to calculate the particle
diameter (Malvern, 2013a, Malvern, 2015b). The Stokes Einstein equation is shown in
Equation 3.1 where D is the diffusion co-efficient, k is the Boltzmann constant, T is the
temperature, 1 is the viscosity and Ry is the hydrodynamic radius (Atkins, 2006, Malvern,

2015h).

kT
67nR,,

Equation 3.1

Following this analysis of the particle size distribution, which may be done by
using a standard log-normal assumption or, without an assumption, is done by fitting the
data on assumed distributions. A monodispersed solution would give rise to a single

exponential whilst a polydispersed one gives rise to a series of these (Malvern, 2013a).
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The polydispersity index (PDI) is a measure of the distribution of the molecular
mass in a sample (Atkins, 2006). The PDI is calculated by dividing the weight average

molecular weight by the number average molecular weight as shown in Equation 3.2.

Weight average molecular weight

PDI =
Number average molecular weight

Equation 3.2

The PDI is a dimensionless value. Values greater than 0.7 indicate that the sample
has a very broad size distribution and that they are probably not suitable for analysis by
means of this characterisation technique. Anything below this value is acceptable although
ideally the lower the PDI the better (Malvern Personal Communication, 2012).

Another important value obtained is the Y-Intercept which evaluates the signal-to-
noise ratio from a measured sample. It is often used to judge data quality and ideally a
value of 1 is obtained although a good system will give intercepts greater than 0.6 and
these results are considered acceptable (Malvern Personal Communication, 2012).

Disadvantages of this technique include the significant error in size measurements
obtained for non-spherical particles. Furthermore many factors may affect the results.
These include polydispersivity, aggregation and contamination (Baalousha et al., 2012).
At times better size measurements may be obtained by filtering samples. The benefit of
filtering samples is that of the removal of contaminating particles such as dust which may

be present in the solvent (Malvern Personal Communication, 2012).

86



3.2.1.2 Zeta Potential

Owing to the fact that NMs may tend to self-aggregate due to their surface charge
(Domenech et al., 2012), stability is an important parameter that needs to be considered
when studying materials. The interface between particle and solution is formed of two
regions as is seen in Figure 3.2. These are an inner region known as the Stern layer where
ions are strongly bound and an outer region where ions are less strongly bound. This
results in the presence of an electric double layer around each particle. As a particle
moves the ions within the boundary or slipping plane move with it while those beyond do
not. The potential at this boundary is known as the zeta potential. The zeta potential value
gives an indication of the stability of the system. Particles with zeta potentials more
positive than +30 mV or more negative than -30 mV are normally considered stable.
When the zeta potential is O this is the isoelectric point, the point where no net electrical
charge is carried and there is minimal repulsion. Therefore it is the point where the

colloidal system is least stable (Malvern, 2013a).
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Figure 3.2 Liquid layer around a particle is formed of the Stern Later and diffuse layer (Ensol Instruments

Ltd.)

3.2.2 Sample Preparation

Freshly prepared MNM solutions were first filtered through a 0.1 pum filter as
shown in Figure 3.3 so as to remove any large particles that might result from solvent
impurities or dust and that could interfere with the results. Scale-up samples were more

viscous and therefore had to be filtered through a 0.2 um filter rather than a 0.1 pm filter.
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Figure 3.3 Schematic of MNM dispersion being filtered through a syringe filter into cuvette using a syringe.

3.2.3 Procedure

3.2.3.1 Size Analysis

Particle size analysis was carried out on a Malvern Zetasizer (nano ZS) using
Zetasizer Software Version 7.10 (Malvern Instruments Ltd, 2014). A polystyrene cuvette
was filled with about 1 cm of the filtered MNMs dispersed in water to be analysed. This
was then placed in the sample holder of the particle size analysis apparatus. A standard
operating procedure was set up for each material and involved inputting the refractive
index and absorption values of the material and the dispersant. Once the parameters were
set using the software, measurement was begun. A minimum of five consecutive
measurements were collected to ensure repeatability and averaged to calculate a Z-
Average size. The results were obtained at 20 °C with samples equilibrated for 2 minutes

before measurements were started. The Stokes—Einstein algorithm (Equation 3.1) was
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used to calculate the hydrodynamic diameter of analysed particles. The results obtained

for three repeat samples were averaged.

3.2.3.1.1 Data Analysis

To add confidence and robustness the DLS data obtained from the temperature
ageing study was analysed using a statistical method since observed changes were often
subtle. The Pearson’s product moment correlation coefficient (PCC) was calculated. This
is a measure of the linear correlation and dependence between two variables. The co-
efficient is given as a value between +1 and —1 inclusive, where 1 is total positive
correlation, 0 is no correlation and —1 is total negative correlation (Crawford, 2006).
When the PCC analysis was successful, Excel stated the following, “The pair(s) of
variables with positive correlation coefficients and P values below 0.050 tend to increase
together. For the pairs with negative correlation coefficients and P values below 0.050,
one variable tends to decrease while the other increases. For pairs with P values greater

than 0.050, there is no significant relationship between the two variables.”

3.2.3.2 Zeta Potential Analysis

Zeta potential analysis was carried out on a Malvern Zetasizer (nano ZS) using
Zetasizer Software Version 7.10 (Malvern Instruments Ltd, 2014). A zeta potential
cuvette (Figure 3.4) was injected with about 1 mL of the NMs dispersed in deionised water
to be analysed and was then placed in the sample holder of the apparatus. A standard
operating procedure was once again set up for each material and involved inputting the

refractive index and absorption values of the material and the dispersant. Once the
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parameters were set using the software, the measurement was begun. A minimum of three

consecutive measurements were collected to ensure repeatability and averaged to calculate

the Average Zeta Potential. The results were taken at 20 °C with samples equilibrated for

2 min before measurements were started. The results obtained for three repeat samples

were averaged.
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Figure 3.4 Zeta potential cell used for the measurement analysis (The Hebrew University of Jerusalem,

2009).

3.3 Ultra-Violet Visible Spectroscopy (UV-VIS)

3.3.1 Technique

Many molecules are able to absorb ultraviolet or visible light. When light is

absorbed by outer valence electrons of an atom the electrons shift from the ground state to

an excited higher orbital energy state as seen in Figure 3.5.
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Figure 3.5 Excitation of electrons by means of light (Deciedro, 2011).

Every molecular species is capable of absorbing a characteristic frequency. This
absorption attenuates the beam meaning it decreases the energy per unit area of beam
radiation according to the absorption law. This law is also known as Beer-Lambert’s law
(Christian, 2004).

This law is a quantitative method to obtain the amount of attenuation. According
to Beer-Lambert’s law absorbance is directly proportional to the path length, b, and the
concentration, c, of the absorbing species as seen in Equation 3.3 below. ¢ is a constant of

proportionality called the absorbtivity.

A = ebc

Equation 3.3

It is important to note that, Beer-Lambert’s law is a limiting law in that it only
describes absorption behaviour of dilute solutions (Christian, 2004).

This absorption property is exploited as a means of characterisation.
Spectroscopists use the interactions of radiation with matter to obtain information about

samples via a technique known as ultra-violet visible spectroscopy (UV-VIS). This
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technique works by exciting the electrons by means of radiation and recording the
attenuated light resulting in a plotted graph of absorbance versus wavelength. Figure 3.6

shows the internal equipment set-up.
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Figure 3.6 UV-VIS Spectrophotometer set-up (Sheffield Hallam University, 2015).

Absorption spectroscopy measures the amount of light absorbed as a function of
wavelength resulting in a plot of intensity against wavelength. Like any other technique
UV-VIS spectrometry has its advantages and disadvantages.

The UV-VIS is relatively easy to use, involves a rapid analysis and little sample
preparation is required. A blank run can help to eliminate reflection scattering and
absorption which may be due to the solvent. Errors, however, can arise due to nonlinear
behaviour of the sample, the use of the wrong cuvette and solutions which are too

concentrated.
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3.3.2 Sample Preparation

Samples were diluted as necessary prior to UV absorption measurements. Unless
stated otherwise when presenting the UV-VIS results obtained, the dilution involved

adding 50 pL of the MNM dispersion to 5000 uL of deionised water.

3.3.3 Procedure

UV-VIS absorption spectra were obtained by means of a Jenway 6800 UV-VIS
spectrophotometer. For analysis scans ranging below 300 nm quartz cuvettes (10 cm long)
were used. If the scans commenced from 300 nm polystyrene cuvettes were used. A
background spectrum was first obtained using ultrapure water. Following this spectrum
scans of the MNM sample alongside a reference sample were run from 200 nm or 300 nm
to 800 nm. Three readings were obtained to ensure reproducibility of the measurement
and the average value was plotted. Where multiple repeat samples were used the average

of the averaged UV-VIS results were plotted.

3.4 X-ray Photoelectron Spectroscopy (XPS)

3.4.1 Technique

X-ray photoelectron spectroscopy (XPS), also known as ESCA (electron
spectroscopy for chemical analysis), was developed in the mid-1960s by Kai Siegbahn and
his research group at the University of Uppsala in Sweden (Kratos Analytical Ltd., 2015,

Engelhard, 2015, Materials Evaluation and Engineering Inc., 2009, King et al., 1995). The
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technique is able to provide both elemental and chemical state information about the
surface of solid material samples with virtually no restriction on the type of material which
can be analysed (Kratos Analytical Ltd., 2015, Engelhard, 2015, Materials Evaluation and
Engineering Inc., 2009).

A survey scan is carried out to obtain energy peaks that can be used for the
identification of the elemental composition of the uppermost 20 to 50 A of the analysed
surface. All elements, except hydrogen and helium, can be detected (Materials Evaluation
and Engineering Inc., 2009).

The sample is placed in an ultrahigh vacuum and is illuminated with low-energy x-
rays (monochromatic or unfiltered Al Ka or Mg Ka)). In modern spectrometers the x-rays
are energy filtered or monochromatised using a quartz crystal to give x-rays with very little
energy spread (Engelhard, 2015). The incident x-rays cause photoelectrons to be emitted
from the surface as shown in Figure 3.7. The Kinetic energy of these emitted electrons is
characteristic of the element from which the photoelectron originated. Shake-up satellites
may occur when the outgoing photoelectron simultaneously interacts with a valence e- and
excites it (shakes it up) to a higher energy level; the energy of the core e- is then reduced
slightly giving a satellite structure a few eV below (but above on a BE scale) the core level
position.

The energy of this transition is balanced by the emission of an Auger electron or a
characteristic x-ray. The analysis of Auger electrons can be used in XPS, in addition to
emitted photoelectrons. The photoelectrons and Auger electrons emitted from the sample
are detected by an electron energy analyser and their energy is determined as a function of
their velocity entering the detector. By counting the number of photoelectrons and Auger

electrons as a function of their energy, a spectrum representing the surface composition is
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obtained. The position and intensity of the peaks in an energy spectrum provide the
desired chemical state and quantitative information which is the primary data used for XPS

(King et al., 1995).
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Figure 3.7 XPS process where the sample is bombarded with incoming x-ray beams and photoelectrons, with

unique information depending on the sample material, are emitted (Chavez, 2011).

The desired chemical state and quantitative information are unique to a sample due
to the fact that the chemical state of an atom alters the binding energy (BE) of a
photoelectron which results in a change in the measured kinetic energy (KE). The BE is
related to the measured photoelectron KE by means of Equation 3.4 where hv is the photon

(x-ray) energy (Kratos Analytical Ltd., 2015).

BE =hv - KE

Equation 3.4
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The area under a peak in the spectrum is a measure of the relative amount of the
element represented by that peak.

XPS is a surface sensitive technique because only those electrons generated near
the surface escape and are detected. The photoelectrons of interest have relatively low
kinetic energy. Due to inelastic collisions within the sample's atomic structure
photoelectrons originating more than 20 to 50 A below the surface cannot escape with
sufficient energy to be detected.

For XPS analysis to take place the samples must not exceed 25 mm in any
direction. Additionally the height should not exceed 12 mm and the samples must be
compatible with an ultra-high vacuum environment (Materials Evaluation and Engineering
Inc., 2009).

XPS is commonly used for the analysis of thin film contaminations, the evaluation
of adhesion failures, the measurement of elemental composition of insulating materials
(e.g., polymers, glasses), the identification of the chemical state of surface films (e.g.,
metal or oxide) and the quantitative elemental depth profiling of insulators. Furthermore,
depth profiling and mapping are other analysis methods that can be carried out in order to
obtain more information about the samples (Materials Evaluation and Engineering Inc.,

2009).

3.4.2 Sample Preparation

A drop of the MNM dispersion was placed on the surface of a silicon wafer and

allowed to air-dry overnight. It was ensured that the layer formed was thin and free from
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air bubbles and cracks by spreading the drop placed on the wafer. The samples were then

mounted on the sample holder as seen in Figure 3.8.
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Figure 3.8 Mounted samples on sample holder

3.4.3 Procedure

XPS characterisation was carried out at Karlsruhe Institute for Technology (KIT) in
Germany by Dip.-Ing. Vanessa Trouillet. XPS measurements were taken using a K-Alpha
XPS spectrometer (ThermoFisher Scientific, East Grinstead, UK). All samples were
analyzed using a microfocused, monochromated Al Ko X-ray source (400 um spot size).
Two random points were analysed for each of the samples. The K-Alpha charge
compensation system was employed during analysis, using electrons of 8 eV energy and
low-energy argon ions to prevent any localized charge build-up. The spectra were fitted
with one or more Voigt profiles (BE uncertainty: +0.2eV) and Schofield sensitivity factors

were applied for quantification. All spectra were referenced to the C1s peak (C-C, C-H) at
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285.0 eV binding energy controlled by means of the known photoelectron peaks of

metallic Cu, Ag, and Au, respectively.

3.5 Fourier Transform Infra-Red Spectroscopy (FT-IR)

3.5.1 Technique

Infra-red (IR) spectroscopy is a characterisation technique which allows for the
structural identification of organic and inorganic molecules. The sample is irradiated with
IR electromagnetic radiation (A = 0.7 pm to c. 1 mm) which causes vibrations, rotations
and translations of the bonds within the molecule. These can be seen represented in Figure
3.9 for the ball and stick molecule shown. These vibrations, rotations and translations are
unique for specific bonds. However, only vibrations which result in a rhythmical change
in dipole moment of the molecule are observed in the IR spectrum obtained (Chapple,

2003, Silverstein, 2005).
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Figure 3.9 Vibration, rotation, translation (Intermolecular Forces, 2014)

Fourier Transform Infra-red spectroscopy involves splitting all the IR radiation into
two beams, one of which is constant while the other is variable. Varying the distance

between these two beams will result in the formation of constructive and destructive
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interference. Repetitive variation gives rise to the entire radiation range passing through

the samples (Silverstein, 2005).

3.5.2 Sample Preparation

Samples for FT-IR analysis were prepared in two ways. The first method involved
freeze-drying the samples by leaving them to dry in covered vials for at least 24 hours.
Dried samples were then crushed to obtain a powder to be used for analysis. The second

method involved drying samples in a Gallenkamp hot box oven with a fan for three days.

3.5.3 Procedure

This characterisation technique was carried out using a Varian 660-IR FT-IR
Spectrophotometer at the Chemistry Department of the University of Birmingham.
‘Agilent resolutions pro’ software (Agilent Technologies, 2012) was used to run the
spectrometer. At the start background scans were carried out. Subsequently powdered
samples were placed on the Attenuated Total Reflectance (ATR) attachment seen in and

sample spectra were obtained between 400 and 4000 nm.

3.6 X-ray Diffraction (XRD)

3.6.1 Technique

X-ray diffraction (XRD) is a characterisation technique that allows for chemical

composition determination and the analysis of a material’s structure. It is a technique that

100



makes use of X-rays in order to measure the inter-particle spacing resulting from
interference between waves reflecting from different crystal planes (Hassellov et al., 2008)

as seen in Figure 3.10.

X ray beam

}d Crystal atoms
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Figure 3.10 X-ray diffraction in crystalline material (Institute of Physics, 2015).

When x-rays are incident on an atom the beam may be absorbed and eject electrons
(Warren, 1989) that oscillate with the same frequency as the incident beam. When x-rays
are scattered from a crystal lattice peaks of scattered intensity may be observed. The
conditions for maximum intensity contained in Bragg's law are shown in Equation 3.5
where d is the distance between crystal planes, 0 is the angle between the incident ray and
the scattering planes, A is the wavelength and n is an integer determined by the order given

(Bragg and Bragg, 1913).

2dsinf = nA

Equation 3.5
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Due to the fact that emitted intensities are dependent on the atoms present and their
location within the unit cell they are unique to a material (Suryanarayana and Norton,
2013, Hammond, 2015, Brundle et al., 1992). Therefore both elemental composition and
average crystal structures can be determined (Suryanarayana and Norton, 2013, Hammond,
2015, Brundle et al., 1992). The technique is also suitable for evaluating microstructure by
analysing width and shape of peaks.

XRD analysis is relatively easy with analysis possible in various atmospheres and
simple sample preparation. A drawback is that samples need to be solid and adequately
dried as the presence of water effects the pattern obtained. Additionally the sensitivity of
XRD is lower than other elemental techniques. Despite this elemental composition and
lattice structure can still be obtained (Suryanarayana and Norton, 2013, Hammond, 2015,

Brundle et al., 1992).

3.6.2 Sample Preparation

Samples were dried at 60 °C in a Gallenkamp hot box oven with a fan for three
days to ensure complete drying. Dried samples were then crushed to obtain the powder to

be used for analysis.

3.6.3 Procedure

XRD analysis was carried out in the Department of Chemistry at the University of
Birmingham using a Bruker D8 Advance diffractometer. Powdered samples were loaded
into a 1 cm? disk holder using scotch tape and loaded into the diffractometer. Diffraction

patterns were obtained by scanning with CuKa radiation over a range of Bragg angles (20°
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to 80°) at room temperature over a period of 28 minutes. The resultant patterns were
depicted as obtained and then analysed by comparing them to reference spectra using Eva

software (Bruker, 2016).

3.7 Transmission Electron Microscopy (TEM)

3.7.1 Technique

The Transmission Electron Microscope (TEM), the first of which was built by
Knoll and Ruska in 1931 (Romer Roche, 2013, Knoll and Ruska, 1932), is an
indispensable tool for the analysis of nanomaterials. This is due to its ability to provide
structural and chemical information over a range of length scales down to the level of
atomic dimensions.

Figure 3.11 shows a side-view schematic of a TEM. It operates by generating high
energy electrons with an accelerating voltage up to 300 kV by means of the electron gun (a
field emission gun (FEG)) found at the top of the microscopic column. The gun typically
uses a lanthanum hexaboride or tungsten thermionic emission source (Wang, 2000).

The electrons produced by a FEG are accelerated and then focused on the sample
by a system of electromagnetic lenses (Kuntsche et al., 2011). The electron beam is
emitted through the sample where they are scattered (changed in direction) by interaction
with atoms of the solid. The scattered electrons then form a focused visual image of the
sample on the fluorescent screen. The focusing of the image occurs by means of the
different lenses (Goodwin, 2004). Although only a small amount of sample is needed for

analysis this is the only amount analysed and therefore reduces the representative analysis.
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Figure 3.11 Side-view schematic of Transmission Electron Microscope (Foothill College, 2014)

3.7.2 Sample Preparation

Samples for TEM analysis were prepared on copper grids coated with a thin film of
holey carbon (Carbon film on 300 mesh Copper grids 3.05 mm) using the drop method.
This involves placing a drop of sample on the surface of the grid which was held stationary

and suspended by means of TEM tweezers. The drop was allowed to stand on the grid for
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a period of half an hour to an hour to allow the nanomaterials to adhere to the surface of
the grid. Following this the grids were gently dipped repeatedly in ultrapure water to
remove any loose material and excess salts from the grid. Any excess water that remained
was carefully removed with a tissue. The grids were allowed to air-dry and kept covered
to prevent any contamination from taking place. The sample preparation is simple.
However, despite this, the drop method preparation may cause artefacts and change the

structure of the materials imaged (Domingos et al., 2009).

3.7.3 Procedure

Imaging was carried out by means of a JEOL 1200EX TEM (accelerating voltage
80 kV). Image J was used to analyse the data (Rasband, 2015). In order to obtain a size
distribution plotted as a histogram, at least 100 particles of each sample had to be analysed

using this software.

3.8 Scanning Transmission Electron Microscopy-Electron Energy Loss

Spectroscopy (STEM-EELYS)

3.8.1 Technique

3.8.1.1 STEM

The Scanning transmission electron microscope (STEM), the first of which was

built in 1938 by von Ardenne (Bogner et al.,, 2007), is a valuable tool for the
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characterisation of nanomaterials. It offers a range of different imaging modes to provide
information about elemental composition and electronic structure at the ultimate
sensitivity, that of a single atom (Pennycook et al., 2007). The instrument works by
combining principles of both the transmission electron microscope (TEM) and the
scanning electron microscope (SEM) (Tanaka, 1992, FEI, 2015). Like TEM, STEM use
requires very thin samples and looks primarily at beam electrons transmitted by the sample
(Pennycook et al., 2007, FEI, 2015). STEM, a schematic of which can be seen in Figure
3.12, works like SEM, by forming a focused beam of electrons that is scanned over the
sample from the upper-left to lower-right pixels of a specimen while some desired signal is
collected to form an image (Tanaka, 1992, Pennycook et al., 2007, FEI, 2015). Electrons
are accelerated from a source and focused to a point on the specimen by a set of condenser
lenses and an objective lens. An objective aperture limits the maximum angle of
illumination included in the incident probe which is scanned across the sample by a set of
scan coils. The output of a variety of possible detectors can then be used to form an image
(Pennycook et al., 2007). The usual detectors include a bright field (BF) detector that
intercepts the transmitted beam and an annular dark field (ADF) detector that surrounds
the transmitted beam to collect scattered electrons (Pennycook et al., 2007). The inner
angle of this detector can be changed with post-specimen lenses from just outside the
incident beam cone which gives maximum efficiency for collecting scattered electrons.
This enhances the atomic number (Z) dependence of the image contrast and this
configuration is often referred to as a Z-contrast or high-angle ADF (HAADF) image
(Pennycook et al., 2007).

One of its principal advantages over the TEM is that it allows for the use of other

signals such as secondary electrons, scattered beam electrons, characteristic X-rays and
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electron energy loss that cannot be spatially correlated in the TEM (FEI, 2015). Its
primary advantage over conventional SEM imaging is the improvement in spatial
resolution (FEI, 2015). Other advantages include the ability to detect single atoms in
annular dark-field STEM (ADF-STEM) where images are formed using large-angle
scattered electrons (Tanaka, 1992). These images are straightforward to interpret and of
higher resolution than those obtained in TEM studies for a lens with the same aberration

coefficient (Tanaka, 1992).
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Figure 3.12 STEM Schematic (Tanaka, 1992)

3.8.1.2 Electron Energy Loss Spectroscopy (EELYS)

Electron energy loss spectroscopy (EELS) involves measuring energy loss
dispersion of inelastically scattered high-energy electrons transmitted through a thin

sample (Browning and Pennycook, 2000, Hutchison, 2007). Inelastic scattering involves
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the Kinetic energy of incident particles not conserved and therefore when high-energy
electrons interact with electrons in a solid they lose a certain amount of energy
characteristic to the material and in turn transfer momentum to the solid (Browning and
Pennycook, 2000). Inelastic scattering can be due to a range of processes: inter and intra
band transitions, photon excitations, inner shell ionisations, plasmon excitations and
Cherenkov radiation (Hutchison, 2007).

After the electron beam passes through the sample the electrons are split into their
relative energies and collected by a detector. The amount of electrons collected for each
energy value were recorded and plotted. Undetected electrons that have the same energy
as the original electron beam make up the zero loss peak. Detected electrons which have
interacted with inner shell atom electrons and vary in their energy content form the
spectral peaks (Hutchison, 2007). Spectral peaks are characteristic to the material and can

therefore be used for elemental analysis.

3.8.2 Sample Preparation

Samples for STEM analysis were prepared by means of the drop method as those

for TEM investigation described in Section 3.7.2.

3.8.3 Procedure

STEM imaging and STEM-EELS analysis were carried out at the Physics
Department of the University of Birmingham by Dimitri Hapiuk and Jian Liu. The

HAADF (High-angle annular dark field)-STEM imaging was performed in a 200 kV
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JEM2100F STEM (JEOL) with a spherical aberration corrector. HAADF images were
acquired with inner and outer angles of 62 and 164 mrad at a probe convergence semi-
angle of 19 mrad and camera length of 10 cm. The EELS spectra were recorded with an
Enfina detector attached to a JEM2100F STEM (JEOL) operated at 200 kV. The
collection semi-angle was 57.8 mrad, the camera length was 2 cm and the aperture size
was 5 mm. The FWHM value at the zero-loss peak was 4 eV with a dispersion of 0.5
eV/channel and a 5 s acquisition time for CeOy and 10 s for CuOy, respectively. Reference
spectra for each nanomaterial were obtained using commercially obtained nanomaterials.

The EELS data was processed with DigitalMicrograph software (version 2.11).

3.9 Energy Dispersive X-ray Spectroscopy (EDX)

3.9.1 Technique

Energy dispersive X-ray spectroscopy (EDX) is a characterisation technique used
to detect the chemical composition of a sample. When a sample is irradiated with a high
energy beam an electron from the inner shell is emitted, thus ionising the atom. The atom
quickly returns to a stable state by filling the vacancy with one of the outer electrons which
will drop down into the vacant inner shell (Brydson and Hondow, 2011, Leng, 2008,
Hutchison, 2007). The de-excitation process and hence the energy difference between the
outer and inner shell electrons emits X-rays which are characteristic to the atom involved
and can therefore be used for elemental analysis (Brydson and Hondow, 2011, Williams,

1996). Alternatively, another electron can be emitted, known as an Auger electron, which
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can also be used for elemental analysis in other techniques (Leng, 2008). The principle for

EDX can be seen in Figure 3.13 (Hutchison, 2007).
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Figure 3.13 EDX Principle (Hutchison, 2007)

Moseley (1913) defined the relationship between the characteristic X-ray
wavelengths (A) and the atomic number (Z) as seen in Equation 3.6, where B and ¢ are

constants that depend on the specific shells.

B

Ty

Equation 3.6

Elements are able to generate more than one characteristic x-ray energy depending
on the electron transition taking place. These are known as the K, L and M series, where a
K series relates to the transition which takes place to fill a vacancy in the K orbital. The
disadvantage of such a system is that it cannot detect light elements (up to Be) due to very

few detectable X-rays being generated (Leng, 2008).
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3.9.2 Sample Preparation

Samples were prepared as for TEM by means of the drop method as explained in

Section 3.7.2.

3.9.3 Procedure

EDX was carried out by Jian Liu and Dimitri Hapiuk at the Nanoscale Physics
Research Laboratory at the University of Birmingham on a JEM2100F STEM coupled
with a Bruker XFlash 4030 EDX detector. The electron beam energy was 200 keV and
spot size was 5C when recording the EDX spectra. Further imaging and EDX
spectroscopy were carried out by Theresa Morris at the School of Metallurgy and
Materials at the University of Birmingham. Samples were analysed by means of a JEOL
2100 TEM (accelerating voltage 200 keV). Inca was used in order to analyse the spectra

obtained.

3.10 Extended X-ray Absorption Fine Spectroscopy (EXAFS)

3.10.1 X-ray absorption spectroscopy (XAS) Technique
X-ray absorption spectroscopy (XAS) is a widely used technique for determining

the local geometric and/or electronic structure of matter. X-rays are ionising radiation that

have sufficient energy to eject a core election from an atom. Each core shell has a distinct
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binding energy from which valuable structural and elemental information can be obtained
(Penner-Hahn, 2001).

The technique involves a monochromatic energy beam of X-rays passing through a
homogeneous sample, being absorbed and resulting in the excitation of an electron. The
electron will be ejected when the photon energy is larger than the binding energy of the
electron. In accordance with Beer-Lambert’s law (already discussed in Section 3.3.1) this
attenuation can be described by Equation 3.7 (Bauer and Bertagnolli, 2012, Antonio,

1992).

I'(E) = Io(E)exp(—p (E).d)

Equation 3.7

Where I(E) and Io(E) are the incident and transmitted x-ray intensities, Hu(E) is the
linear absorption coefficient and d is the sample thickness (Bauer and Bertagnolli, 2012,
Antonio, 1992). The absorption coefficient decreases as the energy of the incident photon
increases until a critical wavelength is achieved where the absorption coefficient increases
abruptly (Figure 3.14). This rise indicates the ejection of a core electron of an atom and is
called the absorption edge. Following this the absorption coefficient decreases
monotonically with increasing energy until the next absorption edge is reached (Figure

3.14) (Bauer and Bertagnolli, 2012).

112



1000
100 —
L-edges
3
= 10+
m
=
1 K-edge
0.1
TTTT] T T I[[ll[[ T T T T T 11T
0.01 0.1 1

E / MeV

Figure 3.14 Example indication of L- and K- edges as the energy coefficient decreases with increasing

energy until an absorption edge is reached (Bauer and Bertagnolli, 2012).

This behaviour only occurs with isolated atoms as the outgoing wave is spherical
and results in X-ray absorption near edge spectroscopy (XANES) (Bauer and Bertagnolli,
2012, Glatzel and Juhin, 2013). For atoms in a molecule or in a condensed phase the
absorption coefficient above the absorption edge displays a fine structure termed EXAFS,
an acronym for extended X-ray absorption fine structure (Bauer and Bertagnolli, 2012,
Antonio, 1992).

Therefore in an X-ray absorption spectroscopy (XAS) spectrum there are two parts,
namely the XANES and the EXAFS as seen in Figure 3.15. The EXAFS spectrum results
from constructive and destructive interference between the outgoing and the incoming

photoelectron waves at the absorbing atom (Antonio, 1992).
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Figure 3.15 X-ray absorption spectroscopy (XAS) spectrum indicating XANES and EXAFS section (Penner-

Hahn, 2016).

The EXAFS phenomenon was first detected in 1920 by Fricke and Hertz but the
information contained was not fully recognised until the 1970s (Bauer and Bertagnolli,
2012, Antonio, 1992). The non-destructive technique which requires synchrotron radiation
(Figure 3.16) provides element specific chemical bonding information. This includes
information about the type and the number of neighbouring atoms and their distances from
a central atom, that is, the absorbing atom and hence makes the technique widely
applicable (Bauer and Bertagnolli, 2012, Antonio, 1992). Furthermore EXAFS is
advantageous because the method is independent of the state of the matter and very

sensitive up to a concentration of 1 % (Bauer and Bertagnolli, 2012, Antonio, 1992).
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Figure 3.16 Schematic of EXAFS experiment at synchrotron (Diamond Light Source, 2014).

3.10.2 Standard Preparation

Prior to analysis solid powder standard discs had to be prepared for comparative
purposes. Standard (copper (I) oxide, copper (II) oxide and zinc oxide) discs were
prepared using 4 % wt/wt metal content in a 110 mg disc. The remainder of the weight
was constituted of cellulose. The well-ground and mixed metal and cellulose were loaded
into a dye and press and loaded with 3 tonnes of pressure. Following this the disc was
carefully removed and placed on sticky Kapton tape on the sample holder as seen in Figure

3.17.
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Figure 3.17 Standard discs of zinc oxide (top left), copper (1) oxide (top right) and copper (11) oxide (bottom

right) mounted on Kapton Tape.

3.10.3 Sample Preparation

Liquid MNM dispersions were injected into Teflon cells sealed with Kapton tape
(Figure 3.18). Samples were then attached to a sample holder using Kapton tape and

loaded onto the beamline sample holder.

Figure 3.18 Teflon cell sealed with Kapton tape loaded with PP capped metal oxide nanomaterial

dispersion.
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3.10.4 Procedure

Experiments were carried out at beamline 118 of Diamond Light Source in Didcot,
UK. Spectra for both the reference samples and nanomaterial samples were obtained. The
synchrotron radiation was monochromatised by a double crystal Si (111) monochromator.
The measurements were conducted in air at room temperature. Data was processed and
normalised in Athena (Ravel, 2015) and sample data was qualitatively compared with that

of the reference samples.

3.11 Inductively Coupled Plasma — Optical Emission Spectroscopy (ICP-

OES)

3.11.1 Technique

Atomic spectroscopy is the technique for determining the elemental composition of
an analyte by its electromagnetic or mass spectrum. One such procedure is Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES) seen in Figure 3.19. This
method measures the light emitted by excited atoms when they return to their ground state
(Chemiasoft, 2014). Each element in the periodic table has its own distinct set of emission
wavelengths (EAG, 2014). By comparing the intensity of the emitted light obtained from
a sample with that from standards of known concentration the elemental concentrations in
the unknown sample are obtained. The ICP-OES method is able to analyse the elements

from Li to U, except atmospheric species (C, H, O, N) and noble gases (EAG, 2014). ICP-
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OES has many advantages including excellent sample throughput, a very wide analytical
range, easy use and is highly automated (Perkin-Elmer Corporation, 2013).

Prior to sample introduction the instrument detector is calibrated using a series of
standard reference solutions of known concentration for the analyte(s) of
interest. Calibration curves are derived and then verified using standard reference
solutions from a source independent of the calibration solutions wavelengths (EAG,
2014).

Although sample types can be liquids, metals, alloys, plastics, polymers or others,
the sample is usually introduced in liquid form (Chemiasoft, 2014, EAG, 2014). Solid
materials therefore have to be dissolved in an aqueous solution or solvent prior to analysis
(Chemiasoft, 2014, EAG, 2014). Depending on the nature and concentration of the liquid

samples they may need to be digested or diluted prior to introduction (EAG, 2014).

Detector |« |grating

Nebulizer

lTo drain
TArgon gas

Sample

Figure 3.19 Diagram of Sample introduction to ICP-OES.
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The liquid goes through different steps when injected to the ICP. It is converted to
an aerosol using a nebulizer and then sprayed into the centre of the plasma (Chemiasoft,
2014, EAG, 2014). The next step involves the separation of aerosol within the spray
chamber where more than 99 % of the injected sample goes to drain and less than 1 %
carried out to the plasma (Chemiasoft, 2014).

The ICP source consists of a quartz torch inside a radio frequency (RF) coil as seen
in Figure 3.20. Argon is passed through the torch and RF energy is applied to the
coil. When a spark from a Tesla coil is added to the highly energised argon atoms
electrons are stripped from the argon and the plasma is formed (Chemiasoft, 2014, EAG,
2014). The argon is present to maintain the plasma (Perkin-Elmer Corporation, 2013).
The argon ions and free electrons are further agitated by the RF field causing the
temperatures within the plasma to reach approximately 8000-10,000 Kelvin and cause the
complete atomisation of the elements present within the sample (Chemiasoft, 2014, EAG,
2014, Perkin-Elmer Corporation, 2013). Adding mechanical energy to the electrons/ions
by the use of the induced field within the heart of the plasma is called “Inductively

Coupling” (Chemiasoft, 2014).

Radio frequency
induction coil

Magnetic field

4

axialand plasma
Nebulizer flow flow (argon)

Figure 3.20 Inductively coupled plasma
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The plasma excites atoms leading to photon emission and ionisation. The emitted
radiation from the plasma is then used for analysis (Chemiasoft, 2014). The light is
separated into its component wavelengths using a diffraction grating (EAG, 2014).

Detectors are used to quantify the amount of light at a given wavelength
(Chemiasoft, 2014, EAG, 2014). There are two methods by which emitted light can be
viewed, radially and axially. Radial viewing involves observing the light emitted by the
sample by looking down the centre torch and results in the highest upper linear ranges.
Axial viewing involves observation of the continuum background from the ICP itself
which is reduced and the sample path is maximised providing better detection limits than
those obtained via radial viewing. Finally the quantified light is compared to that of the

calibration standards so as to obtain a final elemental concentration analysis of the sample.

3.11.2 Sample Preparation

0.5 uL of the MNM dispersion samples were first digested overnight in 20 % nitric
acid. Following this the samples were diluted to 2 % nitric acid. Three batches for each
sample type were analysed. Furthermore, for each batch of the different sample type, three

repeat samples were measured.

3.11.3 Calibration Standard Sample Preparation

Calibration standards were needed as comparative references for the analysis. 1
ppm, 10 ppm, 50 ppm and 100 ppm calibration standards were prepared using

TraceCERT® copper, zinc and cerium standards obtained from Sigma-Aldrich. This was
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done using commercially obtained zinc, copper and cerium standards diluted to the desired

concentration using 2 % nitric acid.

3.11.4 Procedure

ICP-OES analysis was carried out using an Optima 8000 spectrometer. The
concentration of the samples was measured by comparison to the concentration of the
standards. Methods for the analysis of zinc, copper and ceria were set up and utilised
accordingly. Analysis took place using radial detection and a 70 second delay time. The
final result was the average of three replicate readings that were obtained for each sample

analysed.
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Chapter 4. Development of nanomaterial libraries
for nanosafety studies: Synthesis and
Characterisation of Polyvinylpyrrolidone (PVP)
Capped Metal Oxide Nanomaterials

4.1 Introduction

The increased use of manufactured nanomaterials (MNMSs) results in increased
environmental release, hence concerns that exposure of humans and other organisms is
inevitable. The potential environmental impact of MNMs is poorly understood and the
need to better understand MNM fate and transformations is particularly urgent. However,
in order to do so there is first the need for well-developed and well characterised
nanomaterial libraries with systematically varied properties that can be correlated to
ecotoxicity studies.

This chapter focuses on the development of a polyvinylpyrrolidone (PVP)
nanomaterial library aimed at the development of a set of particles with systematically
varying properties. The library involves similarly capped nanoparticles where the core
may be one of three commonly used nanomaterials, namely ceria, zinc oxide and copper
oxide. The known uses of these nanomaterials have already been discussed in Chapter 2.

The capping chosen was PVP since it successfully stabilises the NMs by attaching
to the hydroxyls on the surface of the NMs. Further detail is expounded in Section 4.8
where the reaction mechanism is discussed. Furthermore PVP is generally considered

non-toxic. Indeed the U.S. Food and Drug Administration (FDA) has approved this
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chemical for many uses (FDA, 2010).

The synthesis method used throughout was the same regardless of the NM core.
This consisted of reflux reactions carried out using an identical protocol with the only
difference being that equimolar quantities of varied metal nitrates were used.

The NM library prepared using the same method aims to minimise the number of
variables between the different NMs. A library of systematically varied NM properties
may have a range of applications; in this work they were specifically created to enable
observations of the effect of a controlled variation of a single NM physicochemical
property to toxicity.

A further development presented in this chapter was the study of a scale-up of the
reaction of the NM synthesis. This was achieved by increasing the concentration of the
starting reagents by a factor of three and six yet keeping the suspension volume
unchanged. The aim of the scale-up was to improve the NMs’ yield whilst keeping the
process method and reaction duration the same. This fulfilled concentration requirements
for samples to be sent to other laboratories for toxicity testing.

This chapter therefore focuses on the synthesis methodology giving a detailed
description about the materials, methods and techniques used for the PVP capped metal
oxide nanomaterials library synthesis and development. Following the synthesis extensive
multi-method characterisation was required to fully describe the materials and their
behaviour. This information is vital for the library materials to be used for reference
purposes. Furthermore, characterisation results will help to explain future toxicity results.
Details on the characterisation techniques implemented have already been discussed in
Chapter 3. A manuscript based on the content of this chapter has recently been published

(Briffa et al., 2017).
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4.2 Chemicals

Chemicals were used as received from the supplier without the need for further

purification. Table 4.1 shows the chemicals used together with their brand name and

grade.

Table 4.1 Chemicals used in this study.

Chemical Name Grade Brand

Copper nitrate trihydrate GPR Sigma-Aldrich
Zinc nitrate GPR Sigma-Aldrich
Cerium nitrate GPR Sigma-Aldrich
Acetone GPR Sigma-Aldrich
PVP (10,000) GPR Sigma-Aldrich
PVP (40,000) GPR Sigma-Aldrich
PVP (360,000) GPR Sigma-Aldrich

4.3 Glassware

All glassware was cleaned in 10 % nitric acid solution in order to remove any

residue metal ions. Prior to use, the glassware was washed with ultrapure water (18.2

MQcm at 25 °C).
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4.4 Synthesis of PVP capped metal oxide nanomaterials

4.4.1 Synthesis of PVP capped ceria nanomaterials

PVP capped ceria nanoparticles were synthesised according to Merrifield et al.
(2013). The method was chosen as it appeared versatile enough to allow systematic
manipulation of material properties.

The synthesis involved dissolving 130 mg of cerium nitrate (Ce(l1I)NO3) in a
dispersion of 10 K, 40 K or 360 K PVP in deionised water. Varying the molar mass of the
PVP had been reported to result in differently sized NMs (Merrifield et al., 2013, Zhou et

al., 2007). Quantities and volumes used can be found in Table 4.2.

Table 4.2. Quantities and volumes used to synthesise PVP capped ceria NMs

Amount of PVP Volume of water Mass of cerium
PVP chain length

used (9) (mL) nitrate used (mg)
10 K 2 60 130
40 K 1 60 130
360 K 0.155 60 130

The mixture was then heated under reflux (Figure 4.1) for 3 hours at around 105 °C
following which it was quenched by running the flask under cold water. Once cooled
enough acetone was added so that the mixture just turned milky. The acetone/water
cosolvent system resulted in the PVP chains aggregating out due to the solubility of PVP

in the cosolvent. Although acetone and water are miscible, the cosolvent becomes a poor
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solvent for PVP chains, leading to the formation of aggregated globules (Atta et al., 2011).
It is these aggregated globules that turn the solution milky.

The solution was then centrifuged at room temperature (24 °C) at 4000 rpm for 10
minutes. The pellet obtained was retained and washed with acetone. 5 mL of ultrapure
water were added to the pellet to bring the NMs into suspension. The excess acetone

present was allowed to evaporate off by being left to stir overnight in a fume hood.

— \Water out

Liebig condenser

Water in —

Round bottomed
flask

J

(
Heating, stirring // G O

mantle

Figure 4.1 Reflux set-up

4.4.2 Synthesis of PVP capped zinc oxide nanomaterials

PVP capped zinc oxide NMs were synthesised by modifying the method used to
synthesise PVP capped ceria NMs discussed in Section 4.4.1 above. However, instead of
130 mg of cerium nitrate, 89 mg of zinc nitrate were used as the starting reagent. This

meant that an equimolar amount of zinc nitrate was used.
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4.4.3 Synthesis of PVP capped copper oxide nanomaterials

PVP capped copper oxide NMs were synthesised using the same method used to
synthesise PVP capped ceria NMs discussed in Section 4.4.1 above. However, instead of
130 mg of cerium nitrate, 73 mg of copper nitrate were used as the starting reagent. This

meant that an equimolar amount of copper nitrate was used.

4.4.4 Synthesis of PVP reference sample

PVP control samples were synthesised to act as reference samples. The method
used was the same as that to synthesise PVP capped ceria NMs discussed in Section 4.4.1

above. However, the metal-bearing nitrate starting reagent was omitted.

4.4.5 Reaction Scale-up

PVP capped NM dispersions were synthesised as explained above. The reaction
was scaled-up to three and six times by increasing the amount of starting reagents by a
factor of 3 and 6 yet keeping the volume of water used in the reaction constant. Table 4.3

shows the scaled-up quantities used.
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Table 4.3. Scale-up experiment quantities used for PVP capped ceria synthesis.

10 K 40 K 360 K Cerium  Zinc Copper Volume

Scale-up
PVP PVP PVP nitrate nitrate nitrate of water
factor
(9) (9) (9) (mg) (mg) (mg) (mL)
x1 2 1 0.155 130 89 73 60
X3 6 3 0.465 390 267 219 60
X6 12 6 0.930 780 534 438 60

4.5 Characterisation

PVP capped metal oxide NM samples synthesised as described in Sections 4.4.1-
4.4.3 and PVP reference samples prepared as explained in Section 4.4.4 were extensively
characterised using various physical and chemical techniques. These included DLS —
sizing and zeta potential (Section 3.2), UV-VIS (Section 3.3), XPS (Section 3.4), FT-IR
(Section 3.5), ICP-OES (Section 3.11), TEM (Section 3.7) and STEM (Section 3.8). 10 K
PVP capped ceria and copper oxide NMs were further characterised by means of EELS
(Section 3.8) whilst 10 K PVP capped zinc oxide NMs were characterised by means of
EDX (Section 3.9). EELS was the desired analysis technique over EDX due to the ability
to "fingerprint™ different forms of the same element. Despite this, the Zn L edge was not
observed for the PVP capped zinc oxide NMs. This is most likely due to the small size of
the particles. This is the reason for carrying out EDX on the 10 K PVP capped zinc oxide
NMs. In spite of this, since zinc only has one oxidation state, the necessary information
was still obtained. PVP capped zinc oxide and PVP capped copper oxide NMs were also

characterised by means of EXAFS (Section 3.10). The ceria samples were not able to
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have been characterised by EXAFS due to the limited beamline access time. Scaled-up
samples (Section 4.4.5) were characterised by means of DLS - sizing and zeta potential,
UV-VIS and ICP-OES. Details of all analytical techniques and their procedures can be

found in Chapter 3.

4.6 Characterisation of Physical properties

4.6.1 Appearance

The colour of the PVP capped metal oxide NM dispersions is dependent on the
type and amount of PVP.

10 K PVP capped metal oxide NM samples are yellow in colour. The solution
colour lessens to colourless for 360 K PVP as the PVP chain length increases. According
to the product specifications in solution 10 K PVP has a faint yellow to light yellow
colour, 40 K PVP is colourless to light yellow and 360 K PVP is colourless to faint yellow
(Sigma-Aldrich, 2016¢, Sigma-Aldrich, 2016a, Sigma-Aldrich, 2016b). Furthermore the
reduction in colour with longer PVP chain may also be influenced by the longer PVP
chains better shielding the colour from the NM core.

Additionally the colour intensity increases as the scale-up factor increases due to
more PVP and NMs within the solution (Figure 4.2). Furthermore, scaled-up PVP capped
copper oxide samples have a green/blue tinge probably due to the presence of copper (1)

ions in solution.
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Figure 4.2 Photograph of 10 K PVP capped ceria from left to right: original, scale-up x3 and scale-up x6.

4.6.2 Size

Size characterisation was important to confirm that the particles produced were in
fact of nanoscale size, i.e. one or more of their external dimensions was in the range 1 nm
— 100 nm. Furthermore, as highlighted in Chapter 2, properties of nanomaterials may
differ to those of the bulk material. Therefore, size characterisation reveals information
which can then be linked to behavioural and toxicological profiles.

Size measurements were obtained by means of a multi-method approach. The
three techniques used were DLS, TEM and STEM. More details on these techniques have
been discussed in Chapter 3.

Each technique used measures size slightly differently. Specifically, DLS uses
Brownian motion to measure the hydrodynamic diameter, which is the size of the
hypothetical hard sphere that diffuses in the same way as the particle being measured. In
this case the PVP capping is included in the measurement. TEM and STEM allow for
imaging of the NMs by virtue of their electron density, with the latter having a higher

resolution and therefore providing a more precise size measurement, especially for the
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smaller particles. Due to its low electron density, PVP is invisible to both these techniques

therefore it is the actual NM core size being measured.

4.6.2.1 Dynamic Light Scattering

As explained previously in Section 3.2.1.1, DLS was used to measure size, by
means of the hydrodynamic diameter of the NMs. Table 4.4 shows the size and PDI
values obtained for all the NM dispersions and scaled-up dispersions. Figure 4.3 shows
the size distribution graphs for 10 K, 40 K and 360 K PVP reference samples and PVP
capped ceria, zinc oxide and copper oxide samples. Figures 4.4-4.6 show the scale-up size
distribution graphs for PVP capped ceria, zinc oxide and copper oxide samples
respectively.

Results show that for the original x1 samples the size obtained was comparable
regardless of the NM core and dependent on the type and amount of PVP used during the
synthesis. The longer the PVP chain the greater the NM size obtained. This can clearly be
seen in Figure 4.3. 10 K PVP capped NMs were measured to be c. 5-6 nm, 40 K PVP
capped NMs measured c. 7-8 nm and 360 K PVP capped NMs measured c. 19-20 nm.
Zhou et al. (2007) controlled the size of as-obtained CeO, spherical crystallites by varying
synthetic parameters such as the molar ratio of PVP (repeating units) to Ce(NO3)3.6H,0.
This is the reason why changing the PVP type, which also constituted a change in molar
ratio due to the different quantities used, resulted in a change in size.

The scale-up results show changes in size due to the modifications of the protocol
to increase yield (Table 4.4 and Figures 4.4-4.6). The metal nitrate and PVP molar ratio

remain constant yet the concentration of the reagents is increased since the reaction
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volume is kept constant. This could be the reason for the change in size. In fact, Zhou et
al. (2007) also reported a change in Ce(NO3)3.6H,0 to have an effect on the particle size
obtained. The most significant changes in size are noticed for the scaling up of 360 K
capped metal oxide NMs as the sizes decrease significantly. In the case of ceria the size
decreases from 19.30 £ 0.136 nm to 4.778 £ 0.963 nm (x3) to 4.183 + 0.758 (x6). The
NM size for PVP capped zinc oxide decreases from 19.41 + 1.272 to 9.296 + 0.086 (x3) to
6.364 = 0.178 (x6). Finally the size of the copper oxide sample decreases from 19.44 +
0.183 t0 9.545 + 0.147 (x3) to 8.119 + 0.167 (x6). Changes in size for the 10 K and 40 K
PVP capped NM sizes are within the range of values of 3 nm and no noticeable trend can
be seen in the results.

The PDI values obtained are all less than 0.7 except for the 10 K PVP capped ceria
scaled-up by a factor of 3 indicating that the samples do not have a very broad size
distribution and that they are suitable for analysis by means of this characterisation

technique.
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Table 4.4 Size and PDI values for PVP capped NMs

As prepared Scale-up x3 Scale-up x6

Sample Size PDI Size PDI Size PDI

10 K PVP capped ceria 6.282+0.047 0.190+0.006 4.816+0.090 0.344+0.031 4.185+0.212 0.213 +0.022
40 K PVP capped ceria 7.347+0.091 0.195+0.013 7.188+0.175 0.195+0.035 8.132+0.249 0.420 + 0.065
360 K PVP capped ceria 19.30+0.136  0.385+0.008 4.778+0.963 0.387+0.110 4.183+0.758 0.780 %= 0.306
10 K PVP capped zinc oxide 5.291+0.103 0.225+0.016 7.040+0.389 0.293+0.3887 4.229+0.805 0.362+0.188
40 K PVP capped zinc oxide 8.075+0.376 0.267 +£0.024 8.282+0.272 0.229+0.028 6.250+0.3083 0.275+0.085
360 K PVP capped zinc oxide 19.41+1.272 0.354+0.040 9.296+0.086 0.275+0.018 6.364+0.178 0.225+0.020
10 K PVP capped copper oxide  4.999 +0.126  0.219+0.039 3.838+0.033 0.791+0.250 6.550£0.072  0.296 £ 0.014
40 K PVP capped copper oxide  7.303+0.099 0.198+0.020 4.765+0.033 0.169+0.019 4.375+0.138 0.476 + 0.060
360 K PVP capped copper oxide 19.44 +0.183 0.222+0.002 9.545+0.147 0.187+0.030 8.119+0.167 0.406 +0.039




Ce 10 KPVP
swseen Ce 40 K PVP
— — Ce 360 KPVP
Zn 10 K PVP
------- Zn 40 K PVP
— — Zn 360 KPVP
Cu 10 KPVP
------- Cu 40 K PVP
— — Cu 360 KPVP
Ref 10 K
....... REf‘dU K

— — Ref360K

Arbirtrary Intensity

|
f

A
S
|

|

|

T
——

1 Enm 7nm 1Q 17 nm

Size (nm)

100

Figure 4.3 Size distribution graphs for a) PVP capped ceria, b) PVVP capped zinc oxide, ¢) PVP capped

copper oxide and d) PVP reference samples.
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Figure 4.4 Size distribution graphs for scaled-up PVVP capped ceria as prepared, x3 and x6 for a) 10 K PVP,
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Figure 4.5 Size distribution graphs for scaled-up PVVP capped zinc oxide as prepared, x3 and x6 for a) 10 K

PVP, b) 40 K PVP and c) 360 K PVP
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Figure 4.6 Size distribution graphs for scaled-up PVP capped copper oxide as prepared, x3 and x6 for a) 10

K PVP, b) 40 K PVP and c) 360 K PVP

4.6.2.2 Transmission Electron Microscopy

Size distribution was also examined by means of TEM. For each sample imaged,
for which three different images obtained per sample are shown below, 100 particles were
analysed in order to obtain a size and size distribution. These results are shown in Table
4.5-4.7 for PVP capped ceria, zinc oxide and copper oxide respectively. The size
distribution results for each sample are also represented as histograms.

A similar trend to that noted from the DLS size results (Section 4.6.2.1) can be
seen here. As the PVP chain length increases so does the NM core size. This is due to the

molar weight of the PVP and the ratio of the PVVP polymer repeating units to the nitrate.
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The TEM sizes obtained are comparable amongst the different NMs when
considering particles capped with the same type of PVP. It should however be noted that
differences in the ionic radius of the core metal can influence lattice dimensions and hence
size. This can be seen when comparing Ce and the other two smaller ions, Cu and Zn, and
is reflected in the particle size measurements, with ceria producing particles nearly 2 nm
larger in the case of the smallest 10 K PVP capped NMs. However, no significant effect is
observed at larger sizes. Even for the 10 K PVP capped NMs, the difference is small
enough to give overlapping size range for the three different metal oxides.

The 10 K PVP capped NMs have a size of ¢. 5-7 nm, the 40 K PVP capped NMs
are c. 8-9 nm and the 360 K PVP capped NMs are c. 12-13 nm.

The trends for the DLS and TEM sizes are similar. However, the degree of change
varies amongst the results of the two techniques. Size increases by DLS are higher than
those measured by TEM. The reason for this is that DLS measures the hydrodynamic
diameter and includes the PVP size changes within its measurements. The influence of
this is stronger as the length of the polymer chain increases.

Out of the three size measurement techniques DLS (Section 4.6.2.1), TEM and
STEM (Section 4.6.2.3), TEM looks to be associated with the largest error. TEM probably
has a larger error than DLS due to human error during measuring of the diameter using
ImageJ since far less particles were averaged. Additionally, TEM has a larger error than
STEM because of the lower resolution of the TEM when compared with the STEM
making the NMs harder to measure.

The histograms show the size distribution for each of the samples analysed. It can

be noted that the histogram size ranges are broader for the 360 K PVVP capped NMs than
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for the 10 K and 40 K capped materials. The longer the PVP chain the wider the size
distribution obtained.

Additionally the modality of the different histograms varies from one peak to three
peaks. The modality represents the number of size fractions present within the sample.
This depends on how similar the mean (size) and mode are. The greater the difference

between the two values the greater the number of peaks observed.

Table 4.5 TEM data values obtained for PVP capped ceria NMs

Sample Size (nm) Standard deviation Median Mode
10 K PVP capped ceria 7.625 2.595 7.668 8.098
40 K PVP capped ceria 8.992 2.116 8.895 9.798
360 K PVP capped ceria ~ 12.976 5.870 11.309 10.988
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Figure 4.7 Histogram depicting size (nm) versus frequency for 10 K PVP capped ceria.
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Figure 4.9 Histogram depicting size (nm) versus frequency for 40 K PVP capped ceria.
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Figure 4.10 TEM images of 40 K PVP capped ceria nanoparticles.
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Figure 4.11 Histogram depicting size (nm) versus frequency for 360 K PP capped ceria.
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Figure 4.12 TEM images of 360 K PVP capped ceria nanoparticles.

Table 4.6 TEM data values obtained for PVP capped zinc oxide NMs

Sample Size (nm) Standard deviation Median  Mode
10 K PVP capped zinc oxide 5.778 2.247 5.521 4.000

40 K PVP capped zinc oxide 9.336 3.329 8.454 11.978
360 K PVP capped zinc oxide  13.664 5.219 12.612 18.018
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Figure 4.13 Histogram depicting size (nm) versus frequency for 10 K PVVP capped zinc oxide.
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Figure 4.14 TEM images of 10 K PVP capped zinc oxide nanoparticles.
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Figure 4.15 Histogram depicting size (nm) versus frequency for 40 K PVP capped zinc oxide.
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Figure 4.16 TEM images of 40 K PVP capped zinc oxide nanobarticles.
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Figure 4.17 Histogram depicting size (nm) versus frequency for 360 K PVP capped zinc oxide.




Table 4.7 TEM data values obtained for PVP capped copper oxide NMs

Sample Size (nm) Standard deviation Median  Mode
10 K PVP capped copper oxide  5.950 2.069 5.556 4.491
40 K PVP capped copper oxide  9.320 2.670 9.292 9.292
360 K PVP capped copper oxide 12.144 3.63 11.626 8.035
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Figure 4.19 Histogram depicting size (nm) versus frequency for 10 K PVP capped copper oxide.
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Figure 4.20 TEM images of 10 K PVP capped copper oxide nahoparticles. '
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Figure 4.21 Histogram depicting size (nm) versus frequency for 40 K PP capped copper oxide.
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Figure 4.23 Histogram depicting size (nm) versus frequency for 360 K PVP capped copper oxide.
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Figure 4.24 TEM images of 360 K PVP capped copper oxide nanoparticles.

4.6.2.3 Scanning Transmission Electron Microscopy

Size analysis was also carried out by means of STEM. Out of the three size
analysis techniques implemented STEM technique provided smallest error values probably
due to the resolution of the instrument. Figures 4.25-4.27 show the size distribution
graphs for 10 K PVP capped ceria, zinc oxide and copper oxide respectively. 10 K PVP
capped ceria NMs had an average diameter of 3.3 £ 0.8 nm, 10 K PVP capped zinc oxide
NMs had an average diameter of 4.4 £ 0.9 nm and 10 K PVP capped copper oxide NMs
had an average diameter of 3.8 + 0.9 nm. As seen from the DLS and TEM results,
regardless of the core material, the size of the NMs is comparable.

The sizes obtained by means of STEM are smaller than both those obtained by
means of DLS (c. 5 nm) and TEM (c. 5-7 nm % c. 2). These results have already been
discussed in Sections 4.6.2.1 and 4.6.2.2 for DLS and TEM respectively. The reasons for

this have already been discussed in Section 4.6.2.2.
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Figure 4.25 Size distribution of 10 K PVP capped ceria obtained by STEM.
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Figure 4.26 Size distribution of 10 K PVP capped zinc oxide obtained by STEM.
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Figure 4.27 Size distribution of 10 K PVP capped zinc oxide obtained by STEM.

4.6.3 Shape and Structure

The shape and structure of the synthesised NMs could be determined from images

obtained by means of the TEM or STEM.

4.6.3.1 Transmission Electron Microscopy

The TEM images can be seen in Section 4.6.2.2. All the images show small,
spherical well-defined nanoparticles regardless of the core material or PVP capping chain
length. On occasions these particles can be seen to cluster together as seen in Figure 4.20
(right) for 10 K PVP capped copper oxide. At times these clusters or particles look to be
attached to one another with strands possibly composed of organic material as seen in
Figure 4.14 (right) for 10 K PVP capped zinc oxide and Figure 4.22 (centre) for 40 K PVP

capped copper oxide amongst others.
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4.6.3.2 Scanning Transmission Electron Microscopy

STEM analysis was carried out by Jian Liu and Dimitri Haipuk (School of Physics,
University of Birmingham) on the 10 K PVP capped metal oxide NM samples. Figures
4.28-4.30 show the STEM images for 10 K PVP capped ceria, zinc oxide and copper oxide
respectively. On occasions aggregation was noted. This could have occurred during
sample preparation as the samples were left to air dry on grids. STEM imaging allowed
for the determination of the shape of the NMs. It was found that the ceria NMs were
faceted as seen in Figure 4.28 (c). The copper oxide and zinc oxide NMs were spherical.

The latter aggregated to be disc shaped and the sizes of these disc aggregations ranged

from ~20 nm to a few hundred nm.

(@) (b) (©)

Figure 4.28 STEM images of 10 K PVP capped ceria at magnification (a) x 1 M, (b) x5 M and (c) x 10 M.
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(a) (b) (©)

Figure 4.29 STEM images of 10 K PVP capped zinc oxide at magnification (a) x 2 M, (b) x5 M and (c) x5

(a) (b) (©)
Figure 4.30 STEM images for 10 K PVP capped copper oxide at magnification (a) x 1 M, (b) x 2 M and (c) x

10 M.

4.7 Characterisation of chemical properties

4.7.1 Surface Charge

Zeta potential analysis was used to determine the surface charge of the synthesised

NM library samples and scaled-up samples. Details on the technique and procedure can be
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found in Chapter 3 (Section 3.2). Table 4.8 shows the average zeta potential values for 10
K PVP capped samples obtained at the pH of the NM dispersions in deionised water which

was pH 6. A full table of all the average zeta potential values can be found in Appendix 1.

Table 4.8 The average zeta potential values for 10 K PVP capped samples.

Sample Average Zeta Potential (mV)
10 K PVP reference sample -1.81 £ 0.199

10 K PVP capped ceria 1.74 £ 0.136

10 K PVP capped zinc oxide -0.892 £ 0.224

10 K PVP capped copper oxide -0.292 £ 0.265

The Average Zeta Potential values obtained for all PVP capped samples regardless
of the NM core, capping agent chain length or scale-up factor were very close to 0, the
isoelectric point, the point where the colloidal system is least stable.

Despite this the NM dispersions are stable due to steric stabilisation. Steric
stabilisation is a generic term used to refer to all aspects of the stabilisation of colloidal
particles by nonionic macromolecules (Napper, 1977). With reference to this work it is
achieved by polymer molecules such as PVP attaching to the surface of the NMs and
forming a coating preventing the NMs from getting too close and aggregating (Napper,

1977, Heller and Pugh, 1960, Lourenco et al., 1996, Geddes, 2016).
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4.7.2 Chemical Composition

The chemical composition of the NM library was characterised by a multi-method
approach. FT-IR was implemented to confirm the presence of the metal — oxide bond.
UV-VIS, XPS, EELS, EDX and EXAFS were carried out to determine and confirm the
valency state of the metal forming the metal oxide core and confirm the presence of the

metal oxide NMs.

4721FT-IR

FT-IR was used as a confirmatory characterisation technique in order to prove the
presence of metal oxide NM core by observing the peak obtained as a result of the metal —
oxygen bond stretching. Metal oxides generally result in absorption bands below 1000
cm! that arise from interatomic vibrations. Each metal — oxygen bond has a characteristic
absorption frequency and observing these allows for the confirmation of the presence of
the metal oxide NM core (Topnani et al., 2010). In the case of the PVP capped metal
oxide NMs the most important region of the spectra is the region 400-600 cm™. This is the
region where the characteristic inorganic stretching peaks should be seen. The two peaks
found between 500-550 cm™ and seen in every spectral figure are most likely due to the
PVP capping.

Figure 4.31 shows the FT-IR spectrum of 10 K PVP capped ceria. Ce-O stretching
is observed at c. 550 cm™ as mentioned in the literature (Muruganantham Chelliah, 2012,
Ansari et al., 2009). The peak just above 550 cm™ is probably also due to Ce-O stretching.

Figure 4.32 shows the FT-IR spectrum for 10 K PVP capped zinc oxide. It can be

deduced that the medium intensity peaks at just below 600 cm™ and that at 517 cm™ can be
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attributed to Zn-O stretching. Literature has also shown the characteristic peak of Zn-O to
be found below 500 cm™ (Zhijian et al., 2003, Pholnak et al., 2014) yet no peaks were
obtained in this region. Despite this Ismail (1991) reported peaks at v = 670 and 555 cm™
related to the stretching vibrations of Zn-O bonds. The presence of the PVVP capping could
have caused the peaks to shift to the location that they are found in the spectrum obtained
(Saravanan et al., 2011, Soltani et al., 2012).

Figure 4.33 shows the IR spectrum obtained for 10 K PVP capped copper oxide.
The characteristic features seen for Cu-O stretching are a very small peak at 538 cm™, a
slightly larger peak above 550 cm™ at 557 cm™ and a smaller peak at c. 570 cm™.
According to Topnani et al. (2010) the asymmetric frequency of Cu,O was found at 532
cm™ and the Cu-O vibrational stretching of CuO NPs are found at 593 and 527 cm™.
Therefore the peaks at 538 cm™, 550 cm™ and 570 cm™ seen in Figure 4.33 could be
attributed to the same three stretching vibrations noted by Topnani et al. (2010)
respectively yet shifted due to interactions of the NMs with the PVP capping (Saravanan et

al., 2011, Soltani et al., 2012).
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Figure 4.31 FT-IR spectrum of 10 K PVP capped ceria.
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Figure 4.32 FT-IR Spectra of 10 K PVP capped zinc oxide.
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Figure 4.33 FT-IR Spectra of 10 K PVP capped copper oxide.

4.7.2.2 UV-VIS

UV-VIS spectroscopy is routinely used for the determination of analytes due to the
characteristic absorbing frequency that every molecular species is capable of. Further
details on this technique can be found in Chapter 3 in Section 3.3. UV-VIS allowed for the
chemical characterisation of the different PVP capped metal oxides. In this work it was
used to confirm the composition of the metal oxide NM core and attempt to determine the
valency state of the metal core component. Figure 4.34 shows the UV-VIS spectra for 10
K, 40 K and 360 K PVP capped metal oxide NMs.

Primarily it should be noted that the absorption peak of PVP was found to be at c.

250 nm. This peak can be noted in all the spectra and could possibly be shadowing some
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peaks of interest which are expected to be present in this region such as that of Ce,03, ZnO
and CuO.

The UV absorption of cerium oxide is due to the charge-transfer transition between
O 2p and Ce 4f bands (Tsunekawa et al., 2000). Both oxidation states of cerium strongly
absorb ultraviolet light. They have two characteristic spectrophotometric absorbance
peaks. The first peak is in the range between 230 and 260 nm and corresponds to cerium
(111) absorbance. The second peak absorbance occurs in the 300 to 400 nm range and
corresponds to cerium (1V) absorbance (Herrling, 2013).

The ceria spectra shown in black in Figure 4.34 show the presence of three peaks.
These can be found at c. 254 nm, c. 300 nm and c. 250 nm. The latter is due to the
presence of PVP whilst the other two peaks are due to ceria. The peak at c. 254 nm
corresponds to the cerium (I11) absorbance and is the same as the characteristic peak seen
by Merrifield et al. (2013) for PVP capped ceria. The peak at 300 nm, which is less
intense than that at 254 nm, is due to cerium (1V) absorbance (Herrling, 2013). Therefore
it can be said that the ceria samples contain ceria in a mixed valency state composed of
both cerium (I11) and cerium (IV). It is important to note that UV light influences the
peak intensity of the Ce** and Ce** peaks. UV causes the Ce®" concentration to decrease
and that of Ce** to increase suggesting that the Ce®* loses an electron under the action of
the radiation and is converted to Ce*" (Burke, 1966). Other chemical analyses, including
XPS, which do not cause any influence on the sample support this observation and are
discussed further below.

The purple spectra in Figure 4.34 are representative of zinc oxide. Zinc is known
to have one stable valency state, namely +2 (Chambers and Holliday, 2013) and studies

have shown that the absorption edge for PVP capped ZnO NPs has a value of 296.95 nm
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(Malvija et al., 2013). 10 K PVP capped zinc oxide tends to show two peaks, one at c. 300
nm and a much larger more intense peak at c. 250 nm. The latter corresponds to PVP and
the former corresponds to zinc oxide. 40 K and 360 K PVP capped zinc oxide are also
shown by the presence of these two peaks however that of zinc oxide is more intense and
is found below 300 nm. It is likely that the PVP chain length shifts zinc wavelength to
slightly lower values. These results indicate that as expected the core of the PVP capped
zinc oxide NMs is in fact zinc oxide.

Finally the green spectra in Figure 4.34 show those belonging to the PVP capped
copper oxide NMs. The absorption peak for CuO; is just below 600 nm (Thi My Dung
Dang, 2011). This peak however was not noticeable in any of the copper oxide spectra.
Chen et al. (2012) found that the peak for CuO at c. 280 nm. The smaller peak observed
just above 300 nm could be a representative peak for CuO shifted slightly due to the
interference of the PVP peak.

A further copper species can be seen represented by a clear peak at 440 nm which
is characteristic of Cu,0; Zhang et al. (2006b) have demonstrated that a peak for Cu,O can
be found in this region. Additionally, Figure 4.35 shows the UV-VIS spectra for PVP
capped copper oxide NMs as prepared without further dilution. Since this sample was not
diluted the quartz cuvettes could not be used as the signal obtained would have been too
strong due to the path length that would have travelled through the sample. Therefore this
analysis was carried out using polystyrene cuvettes and therefore the analysis range could
not scan down to 200 nm due to the absorption of the polystyrene. These spectra show the
presence of a peak at 800 nm, which was not picked up when the samples were diluted and
analysed using the quartz cuvettes. According to Lenglet et al. (1991) this absorption

peak is due to the presence of cupric oxide (CuO). Therefore, like the ceria samples, the
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copper oxide samples look to contain Cu in two oxidation states. Other analyses technique
results, such as XPS, are discussed later.

An interesting feature in the copper oxide spectra is as in the case of zinc oxide, the
peaks seems to shift to lower wavelength with longer PVP chain length. One reason for
this could be the change in NM size discussed in Section 4.6.2 which is due to the type of
PVP used. It has been noted that size influences optical properties. In fact surface
plasmon resonance is influenced by many factors including nanoparticle size, morphology,
composition, surface chemistry and surrounding environment (Kelly et al., 2002, Kreibig,
1995). Kelly et al. (2002) discussed the influence of size, shape and dielectric
environment on the optical properties of metal nanoparticles. It has been noted in a number
of cases, including zinc oxide quantum dots (Lin et al., 2005), gold (Fleger and Rosenbluh,
2009) and silver (Fleger and Rosenbluh, 2009, Mogensen and Kneipp, 2014) nanoparticles
that a decrease in size causes a blue shift in absorption meaning a peak shift to a lower
wavelength. Yet in this case the data shows a blue shift with increasing size or a red shift
with decreasing size. Peng et al. (2010) state that as size decreases from d ~ 20 nm it blue-
shifts but then turns over near d =~ 12 nm and strongly red-shifts. This could therefore
explain why a red shift is seen in the spectral data since the size results discussed in
Section 4.6.2 the NM sizes for 40 K and 10 K capped NM samples range from c. 3 nm —
11 nm.

Another noticeable feature of the spectra is the change in peak intensity. In the
case of ceria and copper oxide the trend is a decrease in intensity as the PVP chain length
increases. This could be attributed to the decrease in concentration with increasing
polymer chain length. This is further discussed below in Section 4.7.2.7 where the ICP

results are presented and explained. In the case of zinc oxide this trend does not look to be
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so obvious possibly because the change in concentration for the different PVP capped zinc
oxide samples (Section 4.7.2.7) is not as significant.

The UV absorption spectra of scaled up samples were obtained so as to confirm
that the peaks noted for the as prepared samples were also noted for these samples.
Results revealed the peaks to be found in the same location regardless of the scale-up
factor. The scaled-up samples resulted in the need for more dilution prior to analysis as in
the case for PVP capped ceria and PVP capped zinc oxide, or in the increase in peak

intensity as in the case of copper oxide. These spectra can be found in Appendix 2.
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Figure 4.34 UV-VIS spectra for (a) PVP capped ceria, (b) PVP capped zinc oxide and (c) PVVP capped

copper oxide.
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Figure 4.35 UV-VIS spectra for as prepared 10 K, 40 K and 360 K PVP capped copper oxide.

4.7.2.3 X-ray Photoelectron Spectroscopy

XPS was carried out as a chemical characterisation technique to determine the
valency state of the metal forming the metal oxide NM cores. On analysing the samples
charging was noted and the electronegativity of the polymer capping caused the shifting of
peaks. Due to this and prior to peak analysis it was important to note that all spectra were
referenced to the C1s peak (C-C, C-H) at 285.0 eV binding energy controlled by means of
the well-known photoelectron peaks of metallic Cu, Ag, and Au, respectively.

As expected the PVP reference samples showed no presence of metal components
and was therefore not recorded as a separate graph. The spectra simply showed the
presence of carbon, nitrogen and oxygen which are the species present in PVP molecule

((CeHoNO)n).
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Kim et al. (2012) report Ce** having XPS peaks at 885.0 and 903.5 eV, whilst Ce**
has peaks at 882.1, 888.1, 898.0, 900.9, 906.4, and 916.4 eV. Peaks between 875 to 895
eV belong to the Ce 3ds;, while peaks between 895-910 eV correspond to the Ce 3ds,
levels. A peak at 916 eV is a characteristic satellite peak indicating the presence of cerium
(IV) (Heckert et al., 2008). Figure 4.36 shows the XPS spectra of the PVP capped ceria
NMs. At the outset it can be noted that Ce 40 K is composed solely of Ce* due to the lack
of the Ce (1V) distinguishing peak found at 917 eV. The other two ceria NMs are mixed
valency samples, composed of both Ce** and Ce**. Calculated according to DeCaluwe
(2009) and as seen in Table 4.9 it was determined that the 10 K Ce sample contained a
mixed valency of 39 % cerium (111) oxide and 61 % cerium (IV) oxide whilst the 360 K Ce
sample contained a mixed valency of 81.3 % cerium (I11) oxide and 18.7 % cerium (IV)
oxide. Between these two samples it could be seen that the longer the PVP chain the
greater the percentage of cerium (111) oxide present. Merrified et al. (2013) stated that as
the PVP chain length increases the overall particle size increases as seen from the size
results in Section 4.6.2 but particles made of smaller individual particles and that smaller
particle more likely to be Ce (I11). However, when including the 40 K Ce sample, no trend
could be noted. One possible reason for this could be that XPS is a surface
characterisation technique and does not take into account the bulk of the material. The
XPS results of 10 K and 360 K PVP capped ceria NMs are consistent with the UV-VIS
results yet those of 40 K PVP capped ceria NMs are not in full agreement as they only
show the presence of one cerium valency state. One reason for this discrepancy between
XPS and UV-VIS could be that the amount of Ce (1V) could be too small to be picked up
and XPS analyses represent a sample region of 400 um which is therefore larger than

individual nanoparticles. Another reason could be the fact that UV light causes Ce®'
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concentration to decrease whilst the Ce*" absorption to increase (Burke, 1966) and
therefore when picked up by UV-VIS it results from the technique explained in Section
4.7.2.2.

The binding energies of Zn (0) and Zn (1) are very similar with the former having
a value of 1021.7eV and the latter a value of 1022 eV (Thermo Fisher Scientific Inc.,
2013b). Due to this, and in order to decipher between the two, the kinetic energy needed
to be analysed and the auger peaks allow for this differentiation. In the case of the PVP
capped zinc oxide samples only one spectrum is shown in Figure 4.37 since all the spectra
obtained were the same. The LMM Auger line for the kinetic energy is found at about 988
eV implying that the samples were composed of Zn (1I) rather than Zn (0) which would
have resulted in a Kinetic energy at 992 eV (Walker and Morton, 2001). These results are
consistent with those obtained by UV showing that the sample is in fact composed of zinc
oxide NMs.

The binding energy of copper metal is identical to that of copper (1) oxide having a
value of 933 eV. The binding energy of copper (1) oxide is also very similar, with a value
of 933.5 eV (Thermo Fisher Scientific Inc., 2013a). Since it is not possible to distinguish
between Cu (1) and Cu (0) on the basis of the Cu 2p peak alone, the Auger line was also
measured. This was detected at about 916 eV kinetic energy and indicates the presence of
Cu (I) and excludes Cu (0). The different Cu (1) and Cu (II) species can be determined
from the presence and intensity of the satellite peaks (explained in Section 3.4). Cu (II)
has observable satellite features at 943 eV whilst Cu (I) oxide only has very weak satellites
at 945 eV. Additionally the Cu2ps, peak in Cu (II) oxide is shifted and is much broader
compared to Cu (I) oxide (Thermo Fisher Scientific Inc., 2013a). Figure 4.38 shows the

XPS spectra for all the PVP capped copper oxide NM samples. The spectra are similar in
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all cases and show the presence of peaks at 940.0 and 944.0 eV that are satellites typical
for the presence of Cu(ll).

Therefore, it can be concluded that CuO or Cu(OH), or both are present. The
copper hydroxide may result from an incomplete synthesis as it is one of the intermediate
species formed during the reaction procedure. Besides the satellite peaks the spectra also
show 2 peaks at above and around 935 eV indicating that both copper (1) and copper (1)

species are present within the samples as also noted from UV-VIS results.

925 915 905 895 885 875
Binding energy [eV]

Figure 4.36 XPS spectra of 10 K PP capped ceria, 40 K PVP capped ceria and 360 K PVP capped ceria

NMs from bottom to top respectively.
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Table 4.9. Percentage amount of Ce>* and/or Ce** in samples containing ceria

Sample Percentage Ce®" (%) Percentage Ce** (%)
10 K PVP capped ceria 39 61
40 K PVP capped ceria 100 0
360 K PVP capped ceria 81.3 18.7
Zn 2py;,
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Figure 4.37 XPS spectrum for PVVP capped zinc oxide representative of 10 K, 40 K and 360 K PVP capped

zinc oxide.
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Figure 4.38 XPS spectra for 10 K PVP capped copper oxide, 40 K PVP capped copper oxide and 360 K PVP

capped copper oxide NMs from bottom to top respectively.

4.7.2.4 Energy Electron Loss Spectroscopy

10 K PVP capped ceria and 10 K PVP capped copper oxide NMs were
characterised by Jian Liu (School of Physics, University of Birmingham) by means of
EELS.

Cu oxide

Figure 4.39 shows the reference and sample spectra for the copper oxide samples.
Figure 4.39 (a) shows the reference O K-edge of CuO (blue) and Cu,O (red). The O K-
edge of the CuO and Cu,O have different onsets and energy-loss near edge structure
(ELNES) and can therefore be used to determine the oxidation state of Cu,O (Potapov and
Schryvers, 2004). Figures 4.39 (b-d) show the spectra for 10 K PVP capped copper oxide

NMs. The spectra show some similarities to the O K-edge of the Cu,O. The spectra show
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similar onsets and shape at energy range from about 530 to 545 eV. However, after 545
eV the structure differs significantly. This could be caused by the oxygen in the PVP shell
or by the absorbed oxygen on the surface. Additionally the Cu L-edge of CuyO is very
weak probably due to the very small size of the particles (explained in Section 4.6.2) and
cannot be used to characterise the sample.

Cu,0 was picked up by both XPS and UV-VIS. However, the CuO also picked up
by these techniques is not seen by means of STEM-EELS. The probable reason for this is
the small size of the particles proving difficult for the Cu L-edge to be used for the results

analysis and interpretation. Therefore this does not necessarily mean that CuO is not

present.
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Figure 4.39 (a) Reference EELS spectrum for CuO and Cu,O and (b-d) EELS spectra for 10 K PVP capped

copper oxide.
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Ce oxide

In general the oxidation states of cerium can be identified by the energy loss signal
in EELS where white lines, which are sharp peaks appearing as white areas when an x-ray
absorption spectrum is recorded, relating to the M-edge region of the spectra are observed.
The EELS spectra of cerium is characterised by two sharp peaks at 901 and 883 eV
forming due to the transition of a core electron to an unbound state. The first peak at 901
eV is due to the 3ds, — 4fs), transition, denoted as M4, and the other at 883 eV is due to
3ds,—417), transition, denoted as M5 (Merrifield et al., 2013, Manoubi et al., 1990, Garvie
and Buseck, 1999, Gatan Corporate, 2016).

Figure 4.40 shows the reference EELS spectrum for Ce** and Ce**, EELS spectra
for 10 K PVP capped ceria and the Ce** distribution. The spectra (Figure 4.40 (b) and (c))
show the presence of both Ce®*" and Ce**. This correlates with the results obtained from
both UV-VIS and XPS. From the spectra obtained multiple linear least-square fittings
(MLLS) were performed to calculate the percentage of Ce** in the CeOy clusters (Garvie
and Buseck, 1999). The oxidation state varies for the different CeOy clusters. The average
percentage of Ce** in the CeO, clusters is seen in the distribution in Figure 4.40 (d) and
was found to be 35.9 % + 13.1 %. The large associated error may be due to two reasons.
In the first place the large noise signal obtained in the EELS of the CeOy clusters due to
the very small size of the particles (explained in Section 4.6.2) requires a short acquisition
time and long exposure time that may affect the oxidation state. Secondly the possible

shift of the zero-loss peak during analysis results in calibration discrepancies.
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Figure 4.40 (a) Reference EELS spectrum for Ce** and Ce**, (b-c) EELS spectra for 10 K PVP capped ceria

and (d) Ce4+ distribution.

4.7.2.5 Energy Dispersive X-ray Spectroscopy

The 10 K PVP capped zinc oxide NMs were characterised by Jian Liu by means of
EDX. The spectrum obtained can be seen in Figure 4.41. The results show the presence
of Zn, O, Cu and K. Zn and O are due to the presence of zinc oxide NMs and the Zn and
O ratio is about 2:3. The Cu signal is obtained due to the use of the copper grids. The
reason for the presence of potassium is unknown. It could be an impurity from the media

used during the synthesis and dispersion.
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The results from this technique therefore further support those obtained by means
of UV-VIS and XPS, discussed in Section 4.7.2.2 and 4.7.2.3 respectively, and confirm the

presence of zinc oxide NMs.
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50
45
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Figure 4.41 EDX spectrum for 10 K PVP capped zinc oxide NMs.

4.7.2.6 EXAFS

EXAFS analysis for PVP capped zinc oxide and copper oxide NM dispersions was
carried out at the UK's national synchrotron science facility, Diamond Light Source, in
Oxfordshire. In order to analyse the ceria NM samples, modifications to the set-up to
allow for a higher energy scan were needed. Time constraints did not allow for the
modifications to be made within the beam time available. Thus future work would be
needed in order to obtain this data. Data were obtained for the zinc oxide and copper
oxide NM and were normalised using Athena software; they can be seen plotted in Figures

4.42-4.43.
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Figure 4.42 shows the spectra obtained for the zinc oxide standard and PVP capped
zinc oxide NMs. The spectra look to be similar in all cases regardless of the PVP chain
length yet they do not resemble the spectrum obtained for the zinc oxide standard.
Pereshtein et al. (2013) suggested that the shape and position of the 1s-4p absorption peak
maximum in ZnO NPs strongly depend on the particle size. They demonstrated this in
their work where the XANES data of the 300 nm ZnO (purchased from Sigma-Aldrich)
and 2.1 nm ZnO (purchased from GFS Chemicals) differ. Hence, it is likely that particle
size is the reason for the spectra of the reference and samples not matching as bulk ZnO
was used as the reference. Despite this, the major peaks are found in the same region for
both the reference and the samples confirming, along with the knowledge obtained from
various other characterisation techniques, that the samples are in fact zinc oxide.
Furthermore, the spectrum Pereshtein et al. (2013) obtained for their 2.1 nm particles
resembles that obtained for the PVP capped zinc oxide nanoparticles which range in size

from c. 3 nm — 20 nm as discussed in Section 4.6.2.
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Figure 4.42 EXAFs spectra of 10 K, 40 K and 360 K PVP capped zinc oxide and reference spectrum for zinc

oxide.

In the case of copper samples the Cu K-edge is present due to the 1s = 4p
transition. The Cu 4p orbitals of copper (1) compounds split into 4p,y and 4p, orbitals due
to ligand field splitting. As a result two peaks may be seen in the EXAFS data, namely
those labelled B and D in the figures below. The former is due to the 1s = 4pyy transition
whilst the latter is due to the 1s - 4p, transition. In copper (I) oxide each copper atom
forms two collinear bonds with oxygen atoms. The antibonding copper 4p, molecular
orbitals have higher energy than 4p,, orbitals due to the repulsive interaction between
electrons along z axis. The covalent ligand orbital overlaps along the z axis and reduces
the intensity of the 1s - 4p, transition. Consequently peak B is intense and appears at

lower energy than peak D (Gaur and Shrivastava, 2011).
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Copper (1) compounds have a dg configuration and the possibility of a 1s - 3d
transition. This transition is not possible for Cu (0) and Cu (I) compounds since there is no
hole in the 3d orbital. Due to this transition a weak characteristic pre-edge peak
representing this transition occurs for most copper (I1) compounds. This can be seen
labelled A in the figures below. The features between peaks C and E are due to transitions
to Cu 4p-like final states which split into 4p,yand 4p,. Peak C is attributed to transitions to
the 4py, state. Peak E is attributed to the 1s - 4p,transition (Gaur and Shrivastava, 2011).

Figure 4.43 shows the EXAFS spectra obtained for the PVP capped copper oxide
NM samples. Peaks A, C and E marked in purple correspond to copper (I1I) components
whilst peaks B and D marked in green correspond to copper (I) components. It can be
clearly noted that the spectrum obtained for 360 K PVP copper oxide is similar to that of
metallic copper seen in Figure 4.44. This was most likely caused by the reduction of the
NMs by the beam during the analysis since the filter size had to be changed to a larger size
due to the lower concentration when compared to the 10 K and 40 K samples (as explained
in Section 4.7.2.7). The 10 K and 40 K PVP capped copper oxide NM samples show
features pertaining to both Cu (Il) and Cu (I) compounds. Therefore the samples are
formed of mixed valency copper. This correlates with the results obtained from the other
chemical characterisation techniques namely, FT-IR, UV-VIS and XPS. The copper (I)
features look to be more prominent than those belonging to copper (I1). This could be the
reason why EELS simply picked up Cu,O and not CuO and that diluting the samples prior
to UV-VIS lost the CuO peak at 800 nm. Furthermore the intensity of peak A is greater
for 10 K PVP capped samples rather than for 40 K PVP capped samples possibly implying

that the amount of copper (1) components decreases as the PVP chain length increases. In

172



fact the XPS spectra in Figure 4.38 show more Cu (I) present for 40 K PVP capped copper
oxide NM samples than the 10 K samples.

Figure 4.44 shows the spectra for a number of copper standards measured and
obtained from Dr Ryo Sekine (NERC Centre for Ecology & Hydrology (CEH)). Attempts
were made to fit the sample spectra using copper nitrate, copper hydroxide, copper (1)
oxide, copper (I1) oxide and copper metal spectra. This was done in order to analyse the
samples’ speciation quantitatively. Despite this, no adequate fitting was achieved. This
seems to indicate the presence of a more complex oxidation state of copper oxide. It is

hoped that future beam time will shed light on the samples’ quantitative speciation.
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Figure 4.43 EXAFs spectra for PVP capped copper oxide NMs.
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Figure 4.44 EXAFs spectra for copper standards used for sample fittings.
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4.7.2.7 ICP-OES

In order to determine the concentration of the synthesised NM dispersions by
comparison with a range of freshly prepared standards of varying concentration ICP-OES
was carried out. All the concentration results are shown in Appendix 3. Table 4.10 shows
the average concentration and the standard deviation for each sample type and scale-up
factor. The data can be visualised in Figures 4.45-4.48.

On analysing the data obtained, (Table 4.10) and Figures (4.45-4.48), it can be seen
that the sample concentration increases as the scale-up factor increases. The synthesis
method (Section 4.4) ensured that unreacted material was removed as only the PVVP capped
metal oxide NM pellet was retained. This increase in yield proves the success of the
reaction scale-up. The reason for the increase in yield is most probably due to the shift of
the reaction equilibrium. This is in accordance with Le Chatelier’s principle which states
that ‘if a dynamic equilibrium is disturbed by changing the conditions, the position of
equilibrium moves to counteract the change’ (Le Chatelier, 1884). Hence the increased
amount of starting reagents in the same volume of water results in the equilibrium shift and
a greater yield. Despite the increase in final concentration the increase factor is not simply
directly related to the increase in starting reagents. One reason for this could be that the
reaction time was kept the same and therefore the greater amount of reagents did not have
enough time to react fully. Another reason for this reduction in reaction efficiency could
be due to the steric hindrance of the PVP polymer. Additionally, as the scale-up factor
became greater, the error associated with the concentration results also increased.

Furthermore, as the PVP chain length increases irrespective of the NM core, the

final concentration obtained decreases despite the initial amount of nitrate used was kept

175



constant regardless of the PVP chain length used. This is probably due to the different
amounts of PVP used depending on the type of PVP together with the longer the chain the
greater the percentage of loops and tails and hence the more difficult for the NMs to reach
the binding site.

Finally, apart from 10 K PVP capped copper oxide, there is no significant
difference in molar concentration based on the type of metal oxide core as seen in Figure
4.48. Despite this the concentration values are so small that the 10 K PVP capped copper
oxide value can still be considered comparable to the other 10 K PVP capped metal oxide
NMs. The PVP has no preferential affinity to the different metal oxide NM cores and the
initial and final molar quantities between the different metal oxide NMs are similar and
comparable for a specific type of PVP. The concentration is however dependent on the

type of PVP used as previously mentioned.

Table 4.10 Average concentration and standard deviation for NM dispersions synthesised.

Sample x1 (mg/L) x3 (mg/L) X6 (mg/L)

Ce 10 K PVP 2.030 £ 0.480 11.378 £ 2.123 15.631 + 4.268
Ce 40 KPVP 1.595 + 0.370 8.216 £ 2.121 15.561 £ 6.114
Ce 360 K PVP 0.236 £ 0.039 3.246 £ 0.929 5.178 + 2.936
Zn 10 K PVP 0.906 + 0.137 3.246 £ 0.728 7.353 +2.848
Zn 40 K PVP 0.856 + 0.126 2421 +0.718 6.563 + 1.951
Zn 360 K PVP 0.154 £ 0.084 0.619 £ 0.139 1.818 + 1.006
Cu 10 KPVP 1.440 + 0.231 3.364 + 0.980 4.273+0.814
Cu 40 K PVP 0.779£0.212 1.915 + 0.266 6.261 + 1.935
Cu 360 K PVP 0.228 + 0.057 0.617 + 0.347 1.972 + 0.990
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Figure 4.45 ICP-OES values for scaled-up PVP capped ceria as prepared, x3 and x6 for (a) 10 K PVP, (b) 40

K PVP and (c) 360 K PVP.
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Figure 4.46 ICP-OES values for scaled-up PVP capped zinc oxide as prepared, x3 and x6 for (a) 10 K PVVP,

(b) 40 K PVP and (c) 360 K PVP.
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Figure 4.47 ICP-OES values for scaled-up PVP capped copper oxide as prepared, x3 and x6 for (a) 10 K

PVP, (b) 40 K PVP and (c) 360 K PVP.
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Figure 4.48. ICP-OES values for different PVP capped metal oxide NMs (a) ceria (b) zinc oxide and (c)

copper oxide.
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4.8 Reaction Mechanism

It is understood that the mechanism of NM formation is the same in all cases
suggesting that the protocol is very robust and has the potential to generate a wide range of
comparable manufactured NMs. Furthermore it is believed that the mechanism is as that
described by Merrifield et al. (2013) for PVP capped ceria NPs.

All metal nitrates are soluble in water (Ramsden, 2000). Therefore the metal
nitrate in solution results in the formation of M** ijons. Hydrolysis involves further
chemical reaction of hydrated ions with the water. Metal ions in aqueous solution behave
as Lewis acids meaning that they accept a lone pair of electrons from a Lewis base such as
OH" as depicted in Figure 4.49. The positive charge on the metal ion draws electron
density from the O-H bond in the water. This increases the bond's polarity making it
easier to break. When the O-H bond breaks an aqueous proton is released producing an

acidic solution.
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Figure 4.49 Hydrolysis of metal nitrates.

The PVP chains attach to the nanoparticles by means of the carbonyl groups of the

PVP attaching to the hydroxyls on the surface of the nanoparticles. The attachment of the
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PVP results in a strong stabilisation of the metal oxide nanoparticles. The longer the PVP
chain the greater the number of adsorption sites and the stronger the adsorption. Therefore
more nanoparticle cores are able to attach along the polymer chain once they are able to
come into contact with these sites. This results in larger particle size obtained as the PVP
polymer chain length increases for two reasons. Firstly the longer chain contributes to a
larger hydrodynamic diameter. Secondly, a longer chain allows for a greater number of
nanoparticles to nucleate along a single PVP chain and therefore the particles are likely to
coalesce and form larger clusters along the chain.

Steric stabilisation ensures colloidal stability of the NM solution. An overall
schematic of the reaction mechanism can be seen in Figure 4.50 and Figure 4.51 depicts

the mechanism reaction for the syntheses.

M(NO,),

PVP capped metal oxide
M = Metal (Cerium, Copper, Zinc or a combination)

Figure 4.50 Mechanism for synthesis of PVP capped metal oxide nanoparticles.
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Figure 4.51 Mechanism reactions for syntheses of PVP capped metal oxide nanomaterials.

4.9 Conclusions

The PVP hydrothermal synthesis implemented by Merrifield et al. (2013) to
synthesise and characterise PVP capped ceria NMs has successfully been used to
synthesise PVP capped ceria. The procedure was further extended to produce a range of
different size core/capping NMs. The synthesis was also modified in order to obtain PVP
capped zinc oxide and copper oxide NMs. Furthermore the synthesis was scaled-up by a
factor of three and a factor of six.

A multi-method characterisation approach was taken in order to determine as much
information as possible about the NM samples. Characterisation has shown that the
modifications were successful and the synthesis is easily adaptable.

The NM sizes obtained were found to be dependent on the PVP capping, and
independent of the metal oxide core. As the PVP chain length increased so did the NM
size. Size measurements were obtained by means of a multi-method approach, namely
DLS, TEM and STEM. DLS showed the 10 K PVP capped NMs to be ¢. 5-6 nm, 40 K
PVP capped NMs to be c. 7-8 nm and 360 K PVP capped NMs to be c. 19-20 nm. TEM
showed comparable values to those obtained for 10 K and 40 K PVP capped NMs with the

former having a size of c. 5-7 nm and the latter c. 8-9 nm. The size results for the 360 K
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capped metal oxide NMs obtained by means of TEM are smaller than those obtained by
DLS and were c. 12-13 nm. STEM sizes values were obtained for 10 K PVP capped NMs
and showed the core NP size to be c. 3-4 nm.

The zeta potential of all samples and scaled-up samples was found to be close to
zero regardless of the NM core but rather due to steric stabilisation brought about by the
PVP capping.

FT-IR was implemented to confirm the presence of the metal — oxide bond. UV-
VIS, XPS, EELS, EDX and EXAFS were carried out to determine and confirm the valency
state of the metal forming the metal oxide core. Results confirmed the presence of the
metal oxide NMs. The NMs were found to be present as mixed oxides when the metal
present could occur more than one valency state, specifically in the case of copper and
ceria. Whereas in the case of zinc, only pure zinc oxide was formed.

The scale-up was confirmed by means of ICP-OES, which was used to determine
the concentration of the samples. Moreover it was noted that as the PVP chain length
increased the NM concentration decreased regardless of the NM core and the molar
concentration of the different NMs was comparable amongst the different PVP types.

PVP has been found to play a significant role in the synthesis of the NMs.
Additionally results have shown it to play a role in determining both the materials’
physical properties, including appearance and size, as well as the materials’ chemical
properties including surface charge, concentration and oxidation state composition.

This work provided the development of a NM library which can provide
comparable NMs for toxicology or behavioural studies as variables are systematically
altered. Examples of behavioural studies include temperature ageing and phosphate

ageing studies explored in Chapters 5 and 6 respectively.
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With respect to further work on the NM library this could ideally include studying
the oxide speciation forming the nanomaterial core by means of EXAFS. Additionally
attempts could be made to extend the nanomaterial library further by changing the initial

metal nitrate reagent.
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Chapter 5: Thermal Transformations of
Manufactured Nanomaterials (MNMSs) as a Proxy

for Ageing
5.1 Introduction

Ageing is an important part of a nanomaterial’s life cycle and can be considered as
a transformation over time. It is very relevant to nanomaterials because they are more
reactive than their bulk counterparts due to their larger surface area to volume ratio. Most
NMs react in ways that change their behaviour and properties over time (Sarathy et al.,
2008). Aged NMs no longer have the same characteristics of their pristine counterparts
(Mitrano et al., 2015). During ageing several structural and chemical changes occur that
are affected by time, temperature and nanoparticle physicochemical properties, particularly
composition and concentration. Changes in temperature have been found to affect various
nanoparticle properties including size, aggregation and shape as well as the rate of the
reaction (Auffan et al., 2009, Karakoti et al., 2012).

Varying properties such as temperature, humidity and oxidation, speed up the
normal ageing processes of materials and thus offering more information on the long-term
effects within a shorter time. Elevated temperature studies is one way of studying
accelerated ageing.

Consequently thermal treatments could possibly be used as a proxy for ageing over
time. To date this has been used in a diversity of fields including those of materials such

as composites, polymers and metal behaviour testing, conservation and environmental
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aspects such as organism mortality (Demir et al., 2004, Lazzari and Chiantore, 2000,
Favaro et al., 2006, Omastova et al., 2003, Zhang et al., 2016, Song et al., 1995). Despite
these many applications of this approach, temperature ageing has not been implemented in
the field of nanotechnology for the understanding of nanomaterial physical and chemical
behaviour in prolonged environmental exposure scenarios.

This Chapter deals with the temperature ageing scenario of samples from the PVP
NM library described in Chapter 4, as well as commercially available ceria NMs as a
proxy for ageing over time. It discusses the samples selected to undergo temperature
ageing, the ageing procedure and the characterisation analysis. The work aims to study the
physical and chemical changes occurring to the NMs on exposure to various temperatures
for a period of 4 weeks. This duration was chosen to represent a longer ageing period than
that currently extant in the literature. Furthermore, it was recognised as a long enough
period within the project time duration to determine the influence of temperature, as the
PVP capped metal oxide NMs were found to be stable at room temperature, when
measured by DLS, for a minimum of six months. This can be seen for 10 K PVP capped
ceria in Figure A.4.1 in Appendix 4.

The temperature ageing study was carried out at 25, 45, 65 and 80 °C. The first
temperature is often used as reference room temperature. The final temperature chosen is
lower than the boiling point of water to avoid the physical impact of boiling. Though 80
°C is not environmentally relevant, it was selected as the highest acceleration temperature
following the 10 degree rule. The other chosen temperatures fall within the range of 25-80

°C in order to effectively cover the chosen range.
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5.2 Samples selected for temperature ageing

The following samples were used for the temperature ageing studies:

10 K PVP (for reference)

o 10 K PVP capped ceria

o 40 K PVP capped ceria

o 360 K PVP capped ceria

o 10 K PVP capped zinc oxide

o 10 K PVP capped copper oxide

o Commercial cerium (1V) oxide NPs (Sample A)

The first six samples listed are taken from the NM library developed and discussed
in Chapter 4 whilst the seventh sample is a commercially available cerium (IV) oxide
sample obtained from Promethean Particles Ltd. (Nottingham). The first is a PVP
reference sample included to study the influence of temperature simply on the capping.
The Promethean particles are uncapped ceria nanoparticles synthesised through a
continuous hydrothermal synthesis. They have a hydrodynamic diameter of 172.1 £ 1.705
nm. Further characterisation of these NMs can be found in Appendix 5. The reason for

selecting these samples was to compare:

1. The reference 10 K PVP sample with the PVP capped metal oxide nanoparticle

samples. Only one PVP chain length was chosen due to time constraints as well as to limit
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the number of samples and rather include more NM containing samples. Therefore the
most commonly used PVP chain length amongst the samples was chosen.

2. The differing PVP chain length capped NMs were included to compare differently
sized but similar composition NMs.

3. The 10 K PVP capped metal oxide NMs were all selected from the library in order
to compare NM samples with different metal oxide cores yet keeping the same size and the
same capping agent.

4. Commercial cerium (IV) oxide was included to compare capped and uncapped

ceria samples.

5.3 Samples preparation

The 10 K PVP capped ceria, zinc oxide and copper oxide nanoparticle samples and
10 K PVP reference sample were prepared as explained in Section 4.4 and used as
prepared. The commercial cerium (IV) oxide NMs (Sample A) were obtained from
Promethean Particles Ltd. (Nottingham) as dispersions in deionised water. The
commercial samples were then prepared by mixing 100 pL of the NM dispersions having

an initial concentration of ~2 wt% in water with 4900 pL of milliQ water.

5.4 Procedure

Three replicates of each of the selected samples mentioned in Section 5.2 were
placed in closed vials on a shaker set at 80 rpm in a Raven 2 incubator. Three replicates

were used to ensure repeatability and reproducibility. The temperature was set and the
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ageing was carried out for 28 days. The temperature ageing study was carried out at 25,

45, 65 and 80 °C.

5.5 Characterisation

Sample characterisation by means of DLS took place at various time points (t=0, 4,
12, 24, 48, 72, 120, 168, 336, 504, 672 hours), both for sizing purposes and also to
measure zeta potential (Section 3.2) and UV/VIS (Section 3.3). TEM (Section 3.7)

imaging and XPS analysis (Section 3.4) took place at t=0 and at the end of the 28 days.

5.6 Monitoring Physical Changes

5.6.1 Size & Physical features

The size and physical conformation of the NM dispersions exposed to elevated
temperatures for a period of 28 days were monitored by means of DLS and TEM. The
results can be seen in Figures 5.1-5.7.

The general trend for all samples seen from the DLS results is a decrease in the
primary size of the NMs and the development of a second peak at a larger size. The
decrease in primary size could indicate the dissolution of the NMs or the loss of the PVP
whilst the development of the second peak indicates aggregation of the NMs. This
aggregation is seen from the TEM images. As the exposure temperature increases the rate
of change of size also increases. The TEM images initially show uniform, spherical, well

or relatively well-dispersed particles aggregating more significantly as the temperature is

188



elevated. Despite a similar trend noted for all samples, significant differences in how the
trend is influenced can be noted between the reference, capped and uncapped samples.

Figure 5.1 represents the data obtained for the 10 K PVP sample with the general
trend being a decrease in the intensity of primary size peak and development of a second
peak at a larger size. This is relatively unaffected until the 80 °C temperature showing
minimal changes in size up until this temperature. Comparing the PVP capped ceria NM
dispersions in Figures 5.2-5.5 it can be seen that, besides the general trend, as the PVP
chain length increases the development of the second peak, the aggregation peak, is found
over a more contained region of the graph. This implies that the size of the aggregated
particles becomes more uniform. The commercial ceria NMs are significantly affected at
80 °C. The results, shown in Figure 5.6, seem to indicate that a threshold temperature has
been exceeded and the NMs are significantly physically transformed. Such drastic
transformations are not observed for the PVP capped NMs indicating that the PVP
influences the behaviour and protects the NMs. In addition, the rate of size changes looks
to vary for the different NM cores (Figures 5.2, 5.7 and 5.8) with the 10 K PVP capped
ceria NMs indicating the greatest variations followed by the 10 K PVP capped copper
oxide NMs and then the 10 K PVP capped zinc oxide NMs. This reveals that the core
composition also plays a role in influencing the rate of aggregation.

Since the observed changes were often subtle statistical manipulations were used to
add confidence and robustness to the interpretations. The Pearson product-moment
correlation coefficient (PCC) (Section 3.2.3.1.1) was calculated for the temperature, size,
primary peak intensity and time of the different samples. The results of this analysis can

be found in Appendix 6.
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Initially the analysis was carried out on all the data obtained for all dispersions with
a total of 44 data samples analysed. The results (Appendix 6) show that, for the
commercial ceria NMs, there were no significant relationships between any pair of
variables (size, peak intensity, temperature and time) in the correlation table since the
value of P is greater than 0.050. As explained in Section 3.2.3.1.1 a P value greater than
0.050 implies no significant correlation. The analysis was then run again for the
commercial ceria samples not including the data at 80 °C. This meant analysing 33 data
samples rather than 44 and some correlation scenarios were obtained. This further implies
that the 80 °C temperature seems to have exceeded a threshold temperature for the
thermally induced transformations of the samples.

The statistical results show P to equal 1 and the correlation co-efficient to be equal
to O for the relationship between temperature and time in all situations. This is due to the
fact that the parameters are independent from one another.

Although some similarities can be drawn from the statistics no trends running
throughout can be noted. This shows the complexity of the ageing scenario that the NMs
undergo and further strengthens the importance of a thorough understanding of each
nanomaterial in the various environment scenarios that it may be found.

Size and temperature show a significant relationship in the case of 10 K, 40 K and
360 K PVP capped ceria and 10 K PVP capped zinc whilst in the case of all other samples
there is no significant relationship between the two. This implies that core and capping
interactions as well as the core composition are both influential properties to the NM
behaviour. Size and time only show a significant correlation in the case of 40 K PVP
capped ceria which could be due to the behaviour of the 40 K PVP. Size and peak

intensity are significantly correlated in all cases except for 40 K PVP capped ceria,
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commercial ceria and 10 K PVP capped copper oxide. This is dependent on the
aggregation rate and process.

The relationship between peak intensity and time revealed a correlation coefficient
with a negative sign in all cases except for the commercial sample data analysis when
including the data at T=80 °C. The negative sign associated with the correlation
coefficient implies that as time increases, the primary peak intensity does in fact decrease.
This was clearly seen in the DLS size graphs and is discussed above. Despite this not all
of these values are in fact significant according to the PCC statistical analysis. The
commercial ceria and 40 K PVP capped ceria show the relationship not to be significant.
Lastly, the relationship between intensity and temperature is significant in all cases except
for the commercial ceria and the 10 K PVP capped zinc oxide NMs. When significant, the
correlation is negative, except for 360 K PVP capped ceria meaning that as temperature

increases intensity decreases. This can also be seen from the DLS graphs.
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function of time.
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function of time.
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samples exposed to a) 25 °C and b) 45 °C as a function of time
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samples exposed to a) 25 °C and b) 45 °C as a function of time.
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Figure 5.5 Size distribution graphs (left) and TEM images (right) for Commercial ceria samples

exposed to a) 25 °C, b) 45 °C, ¢) 65 °C and d) 80 °C as a function of time.
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Figure 5.5 Size distribution graphs (left) and TEM images (right) for Commercial ceria samples

exposed to a) 25 °C, b) 45 °C, ¢) 65 °C and d) 80 °C as a function of time.
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Figure 5.6 a) and b) Size distribution graphs (left) and TEM images (right) for 10 K PVP capped

copper oxide samples exposed to a) 25 °C and b) 45 °C as a function of time.
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Figure 5.6 c) and d) Size distribution graphs (left) and TEM images (right) for 10 K PVP capped

copper oxide samples exposed to a) 25 °C, b) 45 °C, ¢) 65 °C and d) 80 °C as a function of time.

203



Intensity

Intensity

14

— =0 hours
—— t=4 hours
12 A —— t=12 hours
t=24 hours
— t=48 hours
10 4 —— t=72 hours
t=120 hours
t=7 days
8 1 —— t=14 days
—— t=21days
—— t=28 days
64 Y
4 4
2 4
0 ‘ e\ |
1 100 1000 10000
Diameter (nm)
a)
18
—— =0 hours
16 4 —— t=4 hours
—— t=12 hours
t=24 hours
49 —— t=48 hours
—— t=72 hours
124 t=120 hours
t=7 days
10 4 —— t=14 hours

Diameter (nm)

—— t=21 days
—— t=28 days

&
0.2
a)
# 3
i
.
- ot
" o
g Oy

b)

Figure 5.7 a) and b) Size distribution graphs (left) and TEM images (right) for 10 K PVP capped zinc oxide

samples exposed to a) 25 °C and b) 45 °C as a function of time.
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zinc oxide samples exposed to c¢) 65 °C and d) 80 °C as a function of time.
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5.7 Monitoring Chemical Changes

5.7.1 Surface Charge

The thermal influence on the surface charge of the samples was measured by
means of DLS zeta potential analysis. Prior to the analysis the pH of the samples was
measured. All PVP containing samples had a pH of c.6 whilst the commercial ceria
samples had a pH of 7. Following this it was assumed that the pH of the samples did not
change over time.

The data, plotted in Figures 5.8-5.14, represent the change in average zeta potential
at different temperatures as a function of time. Results have shown behaviour differs for
PVP sample and the NM samples, capped and uncapped NMs and for NMs with varying
core composition indicating that the presence of the capping agent, the capping and core
interaction and the core composition are all factors that are affected differently by
temperature and all play a role in zeta potential values.

Noticeable changes over time for the different temperatures were only observed in
the case of the PVP samples, the commercial ceria NMs and the PVP capped zinc oxide
NMs.

The PVP samples (used for reference) which have an original zeta potential value
close to 0 mV due to PVP steric stabilisation (Section 4.7.1) show changes over time
which are most noticeable at 80 °C (Figure 5.8). These changes involve a decrease of a
maximum of ¢. 12 mV and an increase of ¢. 2 mV from this value.

Clearly, of all the NMs, the commercial ceria NMs’ surface charge was that

influenced most by temperature (Figure 5.12). The fact that the NMs’ surface was not
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protected by a capping agent meant that no steric stabilisation was present to stabilise the
dispersion and the change in surface charge is what brings about the aggregation.
Therefore, this results in more aggregation taking place at a faster rate than in the case of
the PVP protected samples.

The change in zeta potential was most influenced at 80 °C with a significant drop
in zeta potential to values very close to 0 mV indicating that the NMs are no longer stable
and as a result aggregation may be taking place. This was in fact observed in the DLS and
TEM results seen in Section 5.6.1. Furthermore, the greater the exposure temperature the
greater the associated error (i.e. the error bars) became. It is most probably likely to more
interactions occurring between the NMs as the temperature increased.

In the case of PVP capped zinc oxide (Figure 5.14) changes fluctuated over a
greater zeta potential range than the other PVP samples fluctuating from -3 mV to + 2.5
mV. Despite this the values obtained at different temperatures only became significant
amongst one another on the very last measurement taken on day 28.

All the other samples, namely 10 K, 40 K and 360 K PVP capped ceria and 10 K
PVP capped copper oxide, seen in Figures 5.9-5.11 and 5.13 respectively, show no
significant change in average zeta potential over time regardless of the exposure
temperature. In the case of these samples the average zeta potential values remains similar
to the original value which is around 0 mV due to PVP steric stabilisation as discussed in
Section 4.7.1 in Chapter 4. Despite this the discrepancy in the behaviour of the PVP
samples and the PVP capped metal oxide NM samples, which involves the PVP samples
showing more changes in zeta potential over time than the PVP capped metal oxide NMs,
indicates that the presence of the NM core results in the surface charge is effected

differently by temperature. As a result the rate of aggregation is also different as it is
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dependent on the surface charge. TEM and DLS results discussed in Section 5.6.1 indicate
that aggregation is occurring and therefore the reason that the zeta potential values are
found at around 0 mV are likely to be influenced by this decrease in stability.

A quick side study was carried out whereby the zeta potential of mixtures
containing varying amounts of PVP mixed with the commercial ceria NMs revealed that
the zeta potential value of the solution decreases to approach 0 as the amount of PVP
mixed in is increased. Additionally, mixing of the PVP does not ensure capping of the
NMs therefore it is very likely that in the case of the temperature ageing work the PVP
capping is not working as effectively as previously confirmed through the TEM and DLS.
Nevertheless the zeta potential remained unchanged due to the excessive amount of PVP

still present within the solution.

10

il

-15 A

Change in Average Zeta Potential (mV)

-20

T T T
0 200 400 600

Time (hours)
Figure 5.8 Change in average zeta potential (mV) as a function of time for 10 K PVP samples at 25, 45, 65

and 80 °C.
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Figure 5.9 Change in average zeta potential (mV) as a function of time for 10 K PVP capped ceria samples at

25, 45, 65 and 80 °C.

10
—@— T=25
~ —+— T=45
Z 5 —v— T=65
= —@— T=80
8
5
g oEEET—5-8 &
o
&
N
o O
()
o
2
< -10 A
£
o
(o))
g
8 -15 A
O
-20 T T T
0 200 400 600

Time (hours)
Figure 5.10 Change in average zeta potential (mV) as a function of time for 40 K PVP capped ceria samples

at 25, 45, 65 and 80 °C.
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Figure 5.11 Change in average zeta potential (mV) as a function of time for 360 K PVP capped ceria samples

at 25, 45, 65 and 80 °C.
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Figure 5.12 Change in average zeta potential (mV) as a function of time for commercial ceria samples at 25,

45, 65 and 80 °C.
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Figure 5.13 Change in average zeta potential (mV) as a function of time for 10 K PVP capped copper oxide

samples at 25, 45, 65 and 80 °C.
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Figure 5.14 Change in average zeta potential (mV) as a function of time for 10 K PVP capped zinc oxide

samples at 25, 45, 65 and 80 °C.
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5.7.2 Chemical Composition

5.7.2.1 X-ray Photoelectron Spectroscopy

XPS analysis was carried out to study the influence, if any, of temperature on the
oxidation state of the NM surfaces. The spectra obtained after 28 days of exposure can be
seen in Figures 5.15 — 5.21. The data for the as prepared samples is taken from the data
obtained in Chapter 4 and all spectra were referenced to the C1s peak (C-C, C-H) at 285.0
eV binding energy.

The spectra of the PVP capped zinc oxide NMs show no significant change, those
of the commercial ceria NMs show minimal changes, and the PVP capped ceria NMs and
PVP capped copper oxide samples show significant changes. The latter two show
variations in the metal oxidation state. This is an important feature to study as it has been
suggested that oxidative stress could play an important role in toxicity due to the formation
of reactive oxygen species (ROS) (Aydin et al., 2012).

In general the changes noted from the XPS spectra amongst the PVP capped NMs
decreased from ceria to copper oxide to zinc oxide. This correlates with the rate of change
in size discussed in Section 5.6.1 whereby the rate of size changes looks to be greatest for
PVP capped ceria to copper oxide to zinc oxide. This shows that the behaviour of the
NMs and the influence of temperature on the NMs are dependent on the core chemical
composition.

Kim et al. (2012) report Ce** having XPS peaks at 885.0 and 903.5 eV whilst Ce**
has peaks at 882.1, 888.1, 898.0, 900.9, 906.4, and 916.4 eV. The most distinctive feature
when observing the XPS spectra of cerium is the presence or absence of a peak at 916 eV

which is a characteristic satellite peak of cerium (1) (Heckert et al., 2008).
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The different PVP chain lengths result in different chemical core composition for
the as prepared samples as explained in Section 4.7.2.3 in Chapter 4. Furthermore, the
PVP capped ceria NMs show significant changes between the spectra at different
temperatures. As explained in Section 2.5.2.2, in ceria oxygen vacancy formation occurs
when an oxygen atom moves away from its lattice position and hence leaves behind two
electrons. These two electrons localise on two neighbouring cerium atoms resulting in the
change from Ce (4+) to Ce (3+). This redox cycling behaviour differs for the different
types of PVP chain lengths implying that PVP, which acts as an electron donor causing the
cerium present in the form of Ce*" to gain an electron and hence be reduced to Ce*", plays
a role in this reaction. Furthermore, temperature facilitates and affects the rate of these
redox reactions.

Changes in core metal oxidation state of the PVP capped ceria NMs show that even
though capping stabilises the NMs they are not blocked from external factors such as
temperature.

10 K PVP capped ceria, the spectra of which are shown in Figure 5.15, starts off as
a mix of Ce** and Ce*" (Section 4.7.2.3). The spectra show that temperature influences the
ratio of Ce®* to Ce*" as the peaks change intensity, particularly that at 916 eV. At 80 °C
the sample is clearly reduced and the presence of Ce** is no longer noticeable. This is
concluded from the lack of the presence of the peak at 916 eV.

In the 40 K PVP capped ceria NMs the as prepared XPS spectrum revealed that
they were the only PVP capped ceria samples composed solely of Ce*, with no presence
of Ce** (Figure 4.36 and Table 4.9). These NMs show no redox changes until the NMs are
exposed to 80 °C (Figure 5.15). At this temperature the NMs are oxidised and the sample

is composed of a mix of both Ce** and Ce**.
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It was not possible to record any spectra for the 360 K PVP capped ceria NMs after
exposure to 80 °C as no signal was obtained. The elevated temperature could be causing
dissolution and at this highest exposure temperature the samples are likely to have the
highest solubility. In fact, what was originally considered the primary DLS peak is nearly
non-existent after 28 days (Figure 5.4d).

The spectra seen in Figure 5.17 show that initially the as prepared NMs are
composed of both Ce** and Ce**. The samples are reduced to Ce*" at 25 and 45 °C and are
once again oxidised to a mix at 65 °C.

For the commercial ceria NMs, seen in Figure 5.18, only some slight changes in
peak intensities and ratios can be noticed as a result of exposure to varying temperatures.
The presence of Ce*" is noted in all spectra. The lack of the PVP capping, which acts as a
reducing agent, is probably the reason why the NMs are not as easily reduced as the PVP
capped metal oxide NMs.

The binding energy of PVP capped zinc oxide NMs, seen in Figure 5.19, does not
seem to vary at the different temperatures. The similar BE energy values of Zn (0) and Zn
(1), 1021.7 eV and 1022 eV respectively, make it difficult to determine between the two
as mentioned in Section 4.7.2.3 (Thermo Fisher Scientific Inc., 2013b). Hence the need
for Auger peaks analyses. In the case of these NMs the LMM Auger line for the Kkinetic
energy was found at c. 988 eV at all temperatures. This confirms the presence of Zn (lI)
unaffected by temperature.

The spectra for the 10 K PVP capped copper oxide NMs after different temperature
exposures, Figure 5.20, show some small changes in peak intensity and width. All spectra
show the presence of strong satellite peaks at 943 eV indicating the presence of Cu (I1).

The as prepared samples and those after exposure at 25, 45 and 65 °C show two peaks at
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above and around 935 eV indicating that both copper (1) and copper (I) species are

present. This means that in the samples at 80 °C any Cu (I) present has been completely

oxidised to Cu (II).
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Figure 5.15 XPS Spectra for 10 K PVP capped ceria as prepared and after 28 days at T=25, 45, 65 and 80 °C

(from bottom to top).

215



. /Ny
[ ‘ .
Y d N
TR S\ YA :
LT AVE N NSO AN " 80°C
TYTOTT R 'Il"WTl L
Z 65 °C
7]
=
K
E
-
5
®
E 45°C
E
=
25 °C
As
prepared
920 910 900 890 880 870

Binding energy [eV]
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5.7.2.2 UV-VIS

UV-VIS analysis revealed information about both the chemical and physical
properties of the NMs as well as information about the changes effected by temperatures.
The spectra for the PVP samples used for reference and all the NMs at different
temperatures as a function of time can be seen in Figures 5.21-5.27.

In general it can be stated that the spectral signal recorded is much weaker at the
end of the 28 days. This could imply that dissolution, aggregation or transformation of the
NMs is taking place. The rate at which this occurs looks to be influenced by temperature.
This decrease in intensity is also seen for the PVP samples (Figure 5.21). Therefore
disintegration or disassociation of the capping from the particle could be occurring
alongside other changes of the NMs. Furthermore, according to Beer-Lambert’s Law
(discussed in Section 3.3), absorbance can be directly related to concentration provided
that the path length and extinction co-efficient are unchanged. However, in this case,
changes in absorbance with time cannot be directly related to the change in concentration
of the formed NMs (Hoppe et al., 2006) since, as discussed in Section 5.6.1, size changes
are occurring and therefore there is a variation in the extinction co-efficient (Hoppe et al.,
2006).

Furthermore, in all the graphs of the samples involving PVP, a peak just below 450
nm can be seen. This peak is not seen for the commercial ceria samples (Figure 5.26).
The peak is due to PVP oxidation products as seen in the literature (Hoppe et al., 2006).

Figure 5.22 shows the spectra obtained for 10 K PVP capped ceria NMs. At 25 °C
only a single peak attributed mainly to PVP is recorded. This peak decreases in signal

intensity over time. At 45 °C, besides decreasing in intensity, this single peak becomes
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two peaks; one at 250 nm and one at 300 nm. The former is attributed to PVP as well as
cerium (I11) as shown from the XPS results (Figure 5.15) whilst the latter can be ascribed
to cerium (IV). This shows that the metal oxide NM core is present and that the UV-VIS
and XPS spectra correlate. Furthermore, this could mean that the PVP capping is
becoming less effective since the ceria UV peak becomes noticeable. Both peaks decrease
in intensity over time, suggesting that changes to both the capping and the NM are
occurring. At 65 °C the presence of these two peaks once again develops and decreases in
intensity over time. At 80 °C only one broader peak is seen. Cerium (1V) could possibly
be present until day 14, however day 21 and 28 show a slightly narrower peak that implies
that only PVP and cerium (I11) are present. This has been confirmed from the XPS spectra
(Figure 5.15). The actual time point when the reduction occurred cannot be determined
from this data.

The 40 K PVP capped ceria NMs” UV-VIS spectra (Figure 5.23) look to be less
influenced than those of the 10 K PVP capped ceria. One peak (at c. 250 nm) which
decreases in intensity is noted in all spectra apart from that at 80 °C for the measurements
taken from 14 days onwards where two peaks (at c. 250 nm and 300 nm) are observed.
This indicates the presence of cerium in mixed oxidation states as confirmed by XPS
(Figure 5.16).

The UV-VIS spectra for the 360 K PVP capped ceria samples can be seen in Figure
5.24. On day 21 at 65 °C the oxidation state of ceria is a mix as two peaks can be
observed. At 80 °C no XPS spectrum was obtained. However, UV-VIS detects minimal
amount of ceria and shows a clear reduction in the concentration yet indicates that by day

28 a mix of cerium (111) and cerium (1V) is present.
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The commercial ceria samples’ spectra (Figure 5.25) show a single peak with a
maximum intensity at 300 nm. This corresponds to cerium (IV) as also determined from
the XPS results (Figure 5.18). These UV spectra show no change in peak position
indicating that this ceria sample’s initial and final oxidation state is unchanged. The
spectra look to imply that no reduction or oxidation take place over the 28 days yet this can
only be stated confidently for the time points and temperatures at which the measurements
were taken. The only variation noted is a decrease in intensity over time and the rate of
which looks to be influenced by temperature.

In Figure 5.26 the UV-VIS spectra for 10 K PVP capped zinc oxide NMs are
presented. At 25, 65 and 80 °C one peak that decreases in intensity as a function of time is
seen between 220 and 300 nm. At 45 °C this single peak splits into two peaks after 48
hours of temperature exposure. The two peaks are found at 250 nm and just below 300 nm
which is lower than that seen in the PVVP capped ceria spectra. These are representative of
PVP and zinc oxide respectively. Since this behaviour is similar to that seen for the PVP
capped ceria NMs it suggests that the PVP capping is in fact becoming less effective.

The final data of UV spectra presented in Figure 5.27 belong to the PVP capped
copper oxide NPs and show the typical decrease in signal intensity over time. At 45 °C
after 48 hours a slight peak at c. 280 nm, which is characteristic of CuO, can be noted. At
45 and 65 °C the presence of the Cu,O characteristic peak at 440 nm can also be detected.

This is not seen at room temperature.

223



2.0

— t=0 hours
— t=4 hours
—— t=12 hours
t=24 hours
— t=48 hours
—— t=72 hours
t=120 hours
t=7 days
— t=14 days
— t=21 days
—— t=28 days

Absorbance

350 400 450 500

Wavelength (nm)

a)

2.0
— t=0 hours
— t=4 hours
—— t=12 hours
t=24 hours
— t=48 hours
—— t=72 hours
t=120 hours
t=7 days
— t=14 days
— t=21 days
—— t=28 days

1.5 A

1.0

Absorbance

250 300 350 400 450 500

Wavelength (nm)

b)

Figure 5.21 a) and b) UV-VIS spectra for 10 K PVP samples exposed to a) 25 and b) 45 °C as a

function of time.
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Figure 5.22 a) and b) UV-VIS spectra for 10 K PVVP capped ceria exposed to a) 25 and b) 45 °C as a function

of time.
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Figure 5.22 ¢) and d) UV-VIS spectra for 10 K PVP capped ceria exposed to ¢) 65 and d) 80 °C as a function
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Figure 5.23 a) and b) UV-VIS spectra for 40 K PVVP capped ceria exposed to a) 25 and b) 45 °C as a function

of time.
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Figure 5.23 UV-VIS spectra for 40 K PVP capped ceria exposed to a) 25, b) 45, ¢) 65 and d) 80 °C as a
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Figure 5.24 ¢) and d) UV-VIS spectra for 360 K PVP capped ceria exposed to ¢) 65 and d) 80 °C as a

function of time.
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Figure 5.25 a) and b) UV-VIS spectra for Commercial ceria exposed to a) 25 and b) 45 °C as a function of

time.
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Figure 5.25 ¢) and d) UV-VIS spectra for Commercial ceria exposed to ¢) 65 and d) 80 °C as a function of

time.
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Figure 5.26 a) and b) UV-VIS spectra for 10 K PVP capped zinc oxide exposed to a) 25 and b) 45 °C as a

function of time.
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Figure 5.26 ¢) and d) UV-VIS spectra for 10 K PVP capped zinc oxide exposed to c) 65 and d) 80 °C as a

function of time.
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Figure 5.27 a) and b) UV-VIS spectra for 10 K PVVP capped copper oxide exposed to a) 25 and b) 45 °C as a

function of time
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5.8 Conclusions

Studying the behaviour of NMs in different environments reveals important
information that can influence a NM’s toxicity. This work allowed for the study of
thermal transformations of NMs, as a proxy for ageing, revealing significant characteristic
physical and chemical property behaviours, including size and metal core valency changes,
for PVP capped metal oxide NM and a commercial ceria NM.

Size and appearance analysis were carried out by DLS and TEM. A general trend
was noted for all samples. This involved a decrease in the primary size of the NMs and the
development of a second peak at a larger size indicating aggregation, which was clearly
seen by TEM, for all samples. As the temperature increased the rate of change and
aggregation in size increased. Differences in these changes and rate of changes were
revealed amongst the PVP sample, capped and uncapped NM samples. In the case of the
ceria samples as the PVP chain length increases the changes in size at different
temperatures look to decrease. The rate of size change varies for the different nanoparticle
cores, ceria > copper oxide > zinc oxide, revealing that the core composition also plays a
role in influencing the rate of aggregation. Furthermore the presence of PVP is not
restricting aggregation. It is however minimising it and influencing the behaviour as the
commercial ceria NMs are significantly affected particularly at 80 °C. This indicates that
a threshold temperature has been exceeded and the NMs are significantly physically
transformed.

Additionally, the Pearson product-moment correlation coefficient (PCC) was
calculated for the temperature, size, primary peak intensity and time of the different

samples. This investigation revealed that, although some similarities were noticed, there
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were no trends noticeable for the whole sample range. This highlights the complexity of
transformations and how environment specific the behaviour of NMs can be.

Based on the zeta potential measurements as a function of time and temperature the
surface charge of all the capped NMs show very little change. The values are all found
around O due to PVP steric stabilisation. The PVP samples show changes (decrease of c.
12 mV to increase of c. 2 mV) over time. These are most noticeable at 80 °C. Of all the
NMs the zeta potential of the commercial ceria NMs was most significantly influenced by
temperature due to the lack of capping agent.

Chemical changes were monitored by XPS and UV-VIS. The results obtained
from these techniques correlate for all samples analysed. The XPS spectra of PVP capped
zinc oxide indicate no significant changes in chemical composition. The commercial ceria
show some slight changes in peak intensity, which could be attributed to oxidation state
changes. The PVP capped ceria NMs and PVP capped copper oxide samples both display
variations in the metal oxidation state, an important feature affecting toxicity. This
demonstrates that despite the capping stabilising the NMs, they can remain reactive and
thus be affected by external factors. In general the changes noted from the XPS spectra
amongst the PVP capped NMs decreased from ceria to copper oxide to zinc oxide as also
seen for the changes in size.

UV-VIS indicates the probability of dissolution, aggregation and/or transformation
of the NMs and PVP due to a decrease in peak intensity. The rate at which this occurs
looks to be influenced by temperature. The PVP capping looks to be becoming less
effective as a function of time and temperature and, as for the PVP capped metal oxide

NMs, multiple peaks become noticeable. These peaks are characteristic of the respective
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metal oxide cores and the PVP ceria. Despite this the PVP remains present in dispersion
and the zeta potential values are not affected.

In conclusion the NM behaviour looks to differ based on both internal factors,
including NM properties, and external factors which in this case is temperature. Both the
physical and chemical properties play a determining role. In this study these features
included core composition, capping, capping and core interaction and NM size. Moreover,
in spite of the PVP capping stabilising the NMs, this does not ensure that they are not
affected by external factors.

These findings reveal two possible aspects in NMs’ life cycle. These are their
effects over a short time period in different temperature environments and their estimate or
“predict” potential long-term behaviour. The latter is revealed through the studies at
elevated temperature, speeding up the processes taking place and therefore allowing
temperature to be used as a proxy of time. Although as yet we cannot directly link the
accelerated ageing testing to real-life studies due to the lack of real prolonged
environmental data, this study shows that environmental changes are likely to occur and
therefore it is probable that, in fact, it is not the pristine NMs that are present in the
environment but one that we may have transformed. This highlights the importance of
carrying out toxicity and behavioural studies on the aged nanomaterials as well as the
pristine ones in order to fully understand their behaviour in the environment. Furthermore,

this emphasises the complex features influencing the life-cycle of nanomaterials.
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Chapter 6: Phosphate induced Transformations of

Ceria based Nanomaterials
6.1 Introduction

During their life cycle many manufactured nanomaterials (MNMs) undergo
significant transformations. Assessing the environmental and human health implications
of MNMs requires an understanding of the potential exposure routes (Figure 6.1) that can
induce biological transformations, interactions with macromolecules, physical and
chemical transformation and in turn influence toxicology behaviours and effects (Lowry et
al., 2012). Details of various transformations have been discussed in Chapter 2. The
transformations taking place vary depending on the NM and the environmental exposure
scenario. Temperature can also induce transformations, as seen in Chapter 5, and may
serve as a proxy for time. An important aspect of life cycle analysis is the understanding
of how transformations are effected over time. This is therefore the reason why ageing

investigations are so important.
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Figure 6.1 Possible Nanoparticle Transformations.

This Chapter describes a phosphate ageing scenario. Phosphate has a high affinity

for cerium (Singh et al., 2011). The equation for this reaction can be seen in Equation 6.1.

ce® + PO,> > CePO,

Equation 6.1

It is well known that CeO, NPs are more soluble under acidic conditions and Ce
(1) ions have high binding affinity to phosphate groups, which can change their ultimate

fate and toxicity (Li et al., 2014, Zhang et al., 2012).
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Furthermore there is the high probability of this reaction occurring in the
environment because of the natural presence of phosphorus and its compounds (EPA,
2012). Phosphorus is an essential nutrient for the plants and animals that make up the
aquatic food web. Phosphorus cycles through the environment changing form as it does so
(EPA, 2012). Phosphates enter waterways from human and animal waste, phosphorus rich
bedrock, laundry, cleaning, industrial effluents, and fertilizer runoff (Oram, 2014).

In this Chapter, the range of ceria NP samples selected for the phosphate ageing
scenario are discussed, including both the laboratory prepared 10 K PVP capped ceria, the
commercial ceria used in the previous chapter and a number of zirconium doped ceria
MNMs, that will be introduced more fully in the next section. The synthesis and
characterisation details for the 10 K PVP capped ceria NMs can be found in Chapter 4. As
for the commercially available ceria, this sample along with the 10 K PVP capped ceria
sample has already been used for the thermal study described in Chapter 5. This Chapter
explains the ageing process, the characterisation analysis and the results. The
characterisation techniques used have been discussed in Chapter 3. The results of this
chapter are divided into three subsections to discuss: (a) a pilot study involving the
exposure of 10 K PVP capped ceria samples to a laboratory prepared phosphate solution,
(b) the exposure of the commercial ceria and zirconium doped ceria series to a laboratory
prepared phosphate solution, and (c) the exposure of ceria NMs to a naturally occurring
phospholipid.

Literature has shown that rare earth oxides (REOs) transform biologically on
exposure to phosphate compounds at a low pH (Li et al., 2014). Zhang et al. (2012)
investigated the biotransformation of ceria in cucumber plants and observed that organic

acids (e.g., citric acids) promoted CeO, dissolution and reducing substances (e.g., ascorbic
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acids) played a key role in the transformation process, generating Ce (111) ions which then
reacted with the phosphate present in the media. CeO, NPs were transformed to CePO,
and Ce-carboxylates despite the very low solubility of CeO,. CeO, NP uptake was also
observed in cilantro, but the CeO, NPs were not transformed (Morales et al., 2013).

Li et al. (2014) discuss their investigation of the interactions of cellular phosphates
with rare earth oxides (REO). Li et al. (2014) observed a pH dependent biological
transformation process that results in phosphate deposition on the particle surface and
stripping of phosphate groups from the lysosomal membrane lipids. In their study
however, unlike other REO nanoparticles studied, CeO, remained substantially non-
transformed, the reason being that CeO, exhibits a higher K, (10°°%) in water than other
REOs (Ksp, 10°2Y), and is highly insoluble at both pH 7 and 4.5 (Abreu and Morais, 2010).

Evidence in the literature suggests that rare earth oxides (REOs) transform on
exposure to phosphate compounds at a low pH however this transformation of ceria has
not always been observed or studied in depth (Li et al., 2014, Zhang et al., 2012, Rui et al.,
2015). It is well known that CeO, NPs are more soluble under acidic conditions and Ce
(11) ions have high binding affinity to phosphate groups, which can change their ultimate
fate and toxicity (Li et al., 2014, Zhang et al., 2012). This work aims to study the physical
and chemical changes occurring to the particles on exposure to a laboratory prepared
phosphate solution and a naturally occurring phospholipid.

Phosphate ageing using a laboratory prepared phosphate solution was carried out
by modifying an existing method that studies the transformation of ceria nanoparticles in
plant systems in order to replicate the scenario (Zhang et al., 2012). The original 1 mM

solution concentration used by Zhang et al. (2012) was used. Additionally, another
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solution concentration having a fivefold concentration to that in the original publication
was used so as to induce a faster and more complete transformation of the ceria NMs.
Phosphate ageing using a naturally occurring phospholipid was carried out using a
solution of L-a-phosphatidylcholine. This was done with the aim of replicating a scenario
within the human body. L-o-phosphatidylcholine is a phospholipid component of bile.
Phospholipids contain phosphate components (Figure 6.2) that could result in ceria
transformations. This interaction considers particles interacting with particles rather than

particles reacting with molecule as in the previous scenarios.
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Figure 6.2 Phospholipid structure (Miko, 2014).
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Bile is very complex and varies according to the nutritional state of the individual.
The main components include bile acids (also called bile salts), phospholipids (mainly
phosphatidylcholine), cholesterol, bilirubin (mostly in its conjugated form), inorganic salts
(potassium, sodium and bicarbonate), together with very small amounts of copper and
other metals (Figure 6.3) (Farina, 2009). The pH of bile is slightly acidic with a pH of
about 5 to 6 (The Editors of Encyclopadia Britannica Online, 2015). This pH creates the
ideal environment for transformation in the presence of phosphate to take place. Bile’s
function is to digest fats in the duodenum, the first part of the small intestine (Farina,
2009).

Bile is a greenish yellow secretion produced in the liver and passed to the
gallbladder for concentration to about 5 times (and sometimes as high as 18 times) the
original secretion, storage or transport into the duodenum (The Editors of Encyclopeadia
Britannica Online, 2015). About 800 to 1,000 ml of bile (before concentration) are
produced daily by the liver (The Editors of Encyclopadia Britannica Online, 2015). These
quantities and those from Figure 6.3 were used to determine the quantities used for the

phosphate ageing.
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Figure 6.3 Chemical composition of bile. Percentages represent ratio to total solute concentration (mg/ml)

(Farina, 2009)

Furthermore, the study was carried out at 37 °C to represent the temperature of the
human body. The process taken for food to travel through the digestive tract from when it
comes in contact with bile in the small intestine until it is egested can take a maximum of
89 hours (Science Learning Hub, 2014). This is the reason for the chosen duration of the

experiment exposure being 96 hours.
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6.2 Laboratory prepared phosphate solution

6.2.1 Samples selected for phosphate ageing using a laboratory

prepared phosphate solution

The following samples were exposed to the laboratory prepared phosphate

solution:

o 10 K PVP capped ceria

o Commercial Cerium (IV) oxide NMs (Sample A)
o Ceo.9Zr0.102 NMs (Sample B)

. Ceo.75Zr0.2502 NMs (Sample C)

o Ceo.48Zr05202 NMs (Sample D)

. Ceo.25Zr9.7502 NMs (Sample E)

o Ce0.12Zr9.902 NMs (Sample F)

o Zirconium (1V) oxide NMs (Sample G)

The first NM sample listed was taken from the NM library developed and
discussed in Chapter 4. The other seven samples were commercially available zirconium
doped ceria samples ranging from pure ceria (Sample A) to pure zirconium (IV) oxide
(Sample G). The 10 K PVP capped ceria and sample A were the samples used for the
thermal ageing studies discussed in Chapter 5. The reasons for selecting these samples

were to compare:
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1. PVP capped ceria with uncapped ceria samples.

2. Zirconium doped ceria samples with varying compositions of zirconium and
cerium ranging from pure cerium (IV) oxide to pure zirconium (IV) oxide. This
library was created in order to investigate the effects of doping on the ROS

generation and furthermore the effects on toxicity.

6.2.2 Sample preparation

The 10 K PVP capped ceria NMs were prepared as explained in Section 4.4 and
used as such. The commercially available zirconium doped ceria (Sample A to G) NMs
were acquired from Promethean Particles Ltd. (Nottingham) as dispersions in deionised

water and were used as obtained.

6.2.3 Laboratory prepared Phosphate solution preparation

The laboratory prepared phosphate solution method was based on that of Zhang et
al (2012). A 1 mM and 5 mM solution of monopotassium phosphate, citric acid and
ascorbic acid were prepared using the quantities shown in Table 6.1. The pH of the

phosphate solution was adjusted to c. 5.5 and measured used a pH meter.
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Table 6.1. Quantities used to prepare a 1 mM and 5 mM phosphate solution

1 mM solution 5 mM solution
Citric Acid (g) 0.0420 0.210
Ascorbic Acid (g) 0.0350 0.175
Monopotassium phosphate (g) 0.0272 0.136

6.2.4 Phosphate exposure method

6.2.4.1 10 K PVP Capped Ceria NMs phosphate pilot

exposure

10 K PVP capped ceria NMs were synthesised as explained in Section 4.4.1. These

NMs were exposed to a pH adjusted (c.5.5) 5 mM phosphate solution which was prepared

as explained in Section 6.2.3. Three different exposure scenarios were set up with varying

volumes of NM dispersion, 5 mM phosphate solution and milliQ water as shown in Table

6.2. The first is the same as one of the zirconium doped ceria NMs exposure mixtures

(Table 6.3 Scenario A) discussed below whilst the other two vary. The reason for the

different scenario quantities was that of studying the changed effect of the ratio of the

phosphate to the cerium on the transformation. The samples were subsequently left to

stand in the dark for 21 days.
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Table 6.2 Three different phosphate exposure scenarios prepared for 10 K PVP capped

ceria NMs with varying volumes of NM dispersion, 5 mM phosphate solution and milliQ

water.

Scenario NM Dispersion 5 mM Phosphate Solution  MilliQ Water
(mL) (mL) (mL)

A 1 4 N/A

B 4 1 N/A

C 1 1 3

6.2.4.1.1 Characterisation

Pristine, 7 day old and 21 day old samples were characterised by means of DLS,

both sizing and zeta potential (Section 3.2), UV-VIS (Section 3.3) and TEM (Section 3.7).

6.2.4.2 Zirconium doped ceria NMs phosphate exposure

1 mL or 0.08 mL aliquots of the commercial zirconium doped ceria (Samples A —
G) NM dispersions were respectively added to 4 mL or 4.92 mL volumes of 1 mM or 5
mM phosphate solutions. Table 6.3 shows the volumes of each component added to
prepare the mixture of NMs and phosphate solution. The samples containing less NMs
were merely used for observation purposes and UV-VIS analysis. The 1:4 ratio of NM to
phosphate solution (Scenario A) was chosen to include the highest phosphate
concentration possible whilst being comparable to the pilot study carried out on the 10 K

PVP capped ceria NMs (Section 6.2.4.1). A total of four different mixtures were prepared
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for each sample (Samples A — G) resulting in a total of 28 sample vials. The samples were

then left to stand in the dark for 21 days.

Table 6.3 Volumes of NM dispersions and 1 or 5 mM phosphate solutions required to

prepare each of the zirconium doped ceria phosphate exposure samples.

Scenario NM Dispersion (mL) 1 mM solution (mL) 5 mM solution (mL)
A 1 N/A 4

D 1 4 N/A

E 0.08 N/A 4.92

F 0.08 4.92 N/A

6.2.4.2.1 Characterisation

The phosphate exposed zirconium doped ceria samples (Samples A-G) (Section
6.2.4.1) were characterised by means of DLS, both sizing and zeta potential (Section 3.2),
and UV-VIS (Section 3.3) before phosphate solution addition (pristine), immediately after
phosphate solution addition, after 7 days of exposure and 21 days of exposure. Pristine, 7
day old and 21 day old samples were further characterised by means of XRD (Section 3.6),

FT-IR (Section 3.5), TEM (Section 3.7) and EDX (Section 3.9).
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6.3 Naturally occurring phospholipid exposure

6.3.1 Samples selected for phosphate ageing using a naturally

occurring phospholipid

The commercial cerium (IV) oxide NMs (Sample A) were selected for exposure to
the naturally occurring phospholipid. These NMs, which were used for the temperature
ageing studies, were chosen from the list of those used for exposure to the laboratory
phosphate solution for comparative purposes. Furthermore these NMs are not from one of
the doped samples, that is they are simply composed of ceria without any additional
compositional component. Lastly they are uncapped and therefore it was thought that the

ceria would be more easily accessible for the phosphate group.

6.3.2 Samples preparation

The commercial cerium (IV) oxide (Sample A) NMs were acquired from
Promethean Particles Ltd. (Nottingham) as dispersions in deionised water. Details on their

characterisation can be found in Appendix 5. They were used as obtained.

6.3.3 Naturally occurring phospholipid solution preparation

A naturally occurring phospholipid solution was prepared using L-a-
phosphatidylcholine.  The solutions prepared had a concentration of 3 mg/mL,
representing the quantity of phospholipid in bile as produced prior to concentration and 15

mg/mL, representing the quantity of phospholipid in bile concentrated to 5 times. The pH
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of the solution was adjusted to a pH of 5.5. Following this two NM and phospholipid
sample solutions were prepared by adding 4 mL of the 3 mg/mL or 15 mg/mL L-a-
phosphatidylcholine solution to 1 mL of NM dispersion. The details for the exposure
sample solution quantities are shown in Table 6.4. The exposure samples were incubated
in a Grant-bio Orbital Shaker-Incubator ES-20. The incubator was set at 37 °C and 80 rpm

and the samples were left for 96 hours.

Table 6.4 Quantities used to prepare natural occurring phospholipid exposure.

Scenario NM Dispersion L-a-phosphatidylcholine  Volume of L-a-

(mL) concentration (mg/mL) phosphatidylcholine (mL)
G 1 3 4
H 1 15 4

6.5.2.2.3 Characterisation

Characterisation was carried out by means of DLS, both sizing and zeta potential
(Section 3.2), UV-VIS (Section 3.3), TEM analysis (Section 3.7), XRD (Section 3.4) and

FT-IR (Section 3.5). Measurements were taken at time 0 and after 96 hours.

6.4 Laboratory phosphate ageing of 10 K PVP capped ceria pilot study

This section presents and discusses the characterisation results obtained from the
pilot phosphate exposure study where laboratory synthesised 10 K PVP capped ceria were

exposed to phosphate containing solutions (Section 6.2).
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6.4.1 Physical properties

6.4.1.1 Shape and Size

6.4.1.1.1 Dynamic Light Scattering

The size distribution graphs for the 10 K PVP capped ceria NMs exposed to the
phosphate solutions as a function of time are shown in Figure 6.4. The study was carried
out for 21 days however the graphs also show an additional reading taken after 13 months.

The initial NM size and PDI for the specific batch of PVP capped ceria NMs
exposed to phosphate ageing were found to be 5.470 + 0.1443 nm and 0.207 = 0.013
respectively. As a result of the ageing drastic changes in both these values occur with
significant changes in Z-Average size values, multiple peaks observed and samples
becoming very polydisperse.

As mentioned in Section 6.2.4.1 the reason for the different scenario quantities was
to study the effect of the ratio of the phosphate to the cerium on the transformation. On
immediate phosphate solution addition to the mixture with a final composition of 1 part
NM suspension (resulting in a concentration of 0.0004 mg/mL), 1 part phosphate solution
and 3 parts (Scenario C) water a drastic increase in Z-Average to 2541 + 677.1 nm was
noted along with the presence of multiple peaks. The PDI value also shows an increase.
After 7 days peaks are noted at a slightly larger size than for the pristine particles (c. 6 nm)
and then at a much larger size (multiple peaks greater than 100 nm). After 21 days results
reveal that the samples are not stable. Multiple peaks at sizes greater than 100 nm are

observed and these are most likely due to aggregation. After 13 months the primary peak
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size is just below 10 nm and the size distribution graph looks to have less aggregation
peaks, that is, peaks at much higher size values.

For the solution composed of 4 parts of NM dispersion (resulting in a concentration
of 0.0016 mg/mL) and 1 part phosphate solution (Scenario B), addition of the phosphate
solution shows an immediate decrease in particle size to around 2 nm and an increase in
PDI value from 0.190 + 0.006 to 0.422 + 0.194. After 7 days there is a significant increase
in size and a decrease in count rate, the two observations combined indicating the
occurrence of sedimentation. At 21 days a similar feature is noted for the Scenario C
sample after 7 days. This involves the presence of peaks around the original size (c. 6 nm)
and much larger (greater than 100 and 1000 nm). Finally, after 13 months, the size
measurements obtained are much larger and the Z-Average value is 3439 + 87.90 nm.

The final solution, composed of 1 part NM dispersion (resulting in a concentration
of 0.0004 mg/mL) and 4 parts phosphate solution (Scenario A), shows a radical increase in
PDI to the maximum value given by the instrument, a value of 1.000 £ 0.000. This is the
maximum PDI value that can be obtained and represents a strong amount of
polydispersity. The Z-average at time 0 is 1750 + 530.9 nm. A primary peak within the
same size range of the pristine particles is noticeable however multiple peaks are also seen
at larger sizes. After 7 days the primary size looks to have decreased and the size of the
larger particles has increased. 21 days of exposure results in a high PDI value of 0.835 +
0.240 and after 13 months the polydispersity continues increasing with the Z-Average
found to be 2221 + 570.9 nm.

It is important to keep in mind that DLS measures the hydrodynamic diameter and
not the core particle size therefore such large values are a result of the media on the NMs

and not realistic of actual size. Furthermore the NMs are settling and aggregating and
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therefore DLS is not an ideal size measurement technique necessitating TEM imaging and

characterisation. Despite this, DLS still reveals information on the behaviour of the NMs

when exposed to phosphate over a period of time.
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t=21 days
—— t=13 months
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Figure 6.4 DLS size histograms for 10 K PVP capped ceria NM sample exposed to 5 mM phosphate solution
as a function of time a) 1 part NM solution, 1 part phosphate solution and 3 parts water, b) 4 parts NM

solution and 1 part phosphate solution and c) 1 part NM solution and 4 parts phosphate solution.
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6.4.1.1.2 Transmission Electron Microscopy

The TEM images obtained for the as prepared, 1 week and 3 week phosphate aged
10 K PVP capped ceria NMs can be observed in Table 6.5. The images show the pristine
particles to be spherical and 7.625 + 2.595 nm as discussed in Chapter 4 (Section 4.6.2).
After one week, the appearance of needles is noted in all images regardless of the exposure
scenario. This implies that a physical transformation is taking place. The largest
discrepancy between the different exposure solutions is noticeable from the images of the
third week. The Scenario C sample shows sea-urchin like structures whilst the other two
solutions show needle-like structures. This indicates that the ratio of ceria to the phosphate
solution influences the rate of the transformation. Furthermore, the sea-urchin like
structures are comparable in size to those seen below for the zirconium doped ceria
samples (Table 6.6 and 6.7) despite the initial size of the particles varying. This reveals
that there is a tendency for these structures to have a size of c. 200 nm regardless of the

initial ceria NM size or composition.
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Table 6.5. TEM images for the as prepared, 1 week and 3 week phosphate aged 10 K PVVP

capped ceria NMs.
Scenario  As prepared 1 week 3 weeks
A
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6.4.2 Chemical properties

6.4.2.1 Surface Charge

The average zeta potential values of the 10 K PVP capped ceria phosphate exposed

samples as a function of time are shown in Figure 6.5. A complete table with all the zeta
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potential values plotted can be found in Appendix 7. The original zeta potential value
prior to phosphate addition is 1.74 + 0.136 at ph 6 as shown in Table 4.8 and discussed in
Section 4.7.1. This value is very close to the isoelectric point yet the samples are still
stable due to steric stabilisation brought about by the PVVP capping.

All the samples follow the same trend for the first week yet the rate of change
varies for the differing samples. This trend, which involves a drop in average zeta
potential followed by an increase, within the first week; beyond that the trend followed
depends on the sample. The ratio of the ceria to phosphate changes the behaviour of the
transformed particles. This highlights the complexity of ageing processes and the need to
be studied in depth for a better understanding of the possible resultant toxicity.

The average zeta potential of the Scenario A sample is the most influenced over
time (Figure 6.5), with zeta potential values changing from 1.74 £ 0.14 prior to addition to
-14.2 + 3.42 on addition to -9.81 + 3.11 after 13 months. This is possibly due to more
cerium phosphate forming due to the higher phosphate concentration. This in turn results
in greater aggregation brought about by the phosphate solution as seen in Table 6.5. The
values are also associated with the largest error. In Figure 6.5 it can be seen that after the
first 7 days the average zeta potential drops once again and by 13 months shows an
Increase.

The values of the sample composed of Scenario B are the least influenced by time.
After the first 7 days the average zeta potential continues to drop from 3.66 + 0.5240 mV
to 3.61 £ 0.291 mV. After 13 months the average zeta potential, 1.24 + 0.101 mV, is
similar to the original value. This could imply that the samples were least influenced or
transformed by the phosphate solution and this can be seen in the TEM images in Table

6.5.
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The final Scenario C solution made up of 1 part NP dispersion, 1 part phosphate
solution and 3 parts water shows an increase in average zeta potential between day 7 and

day 21 and a significantly reasonably sized decrease by 13 months.
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Figure 6.5 Zeta Potential for all 10 K PVP capped ceria phosphate exposed samples as a function of time.

6.4.2.2 Chemical Composition

In order to determine whether any chemical compositional transformations took
place it would have been beneficial to carry out XRD analysis. However due to the small
size of the particles and the excessive presence of the PVP capping, no XRD spectrum
could be obtained. Therefore it was attempted to determine chemical changes by means of

UV-VIS.
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6.4.2.2.1 UV-VIS

The 10 K PVP capped ceria NMs show a strong UV-VIS absorbance peak at c. 270
nm regardless of the ratio of particles to phosphate solution. This can be seen from
Figures 6.6-6.8. This peak is most likely to be due to the ascorbic acid present within the
phosphate solution (Table 6.1) which reportedly has an absorbance at 265 nm (T6th et al.,
2002). This peak is shadowing the PVVP absorption peak which has been found to be at c.
250 nm and the cerium (I11) peak found between 230 and 260 nm. The intensity of this
peak is similar for both the Scenario B and C exposed samples. The peak has a greater
intensity for the sample exposed to Scenario A (the scenario with the highest phosphate
concentration). This confirms that the peak is due to a component of the phosphate
solution, namely ascorbic acid, and not the NMs. The intensity of this peak decreases over
time due to the ascorbic acid reducing the ceria and hence becoming oxidised to
dehydroascorbic acid which does not show a peak in the recorded range (Root-Bernstein et
al., 2016).

Furthermore as the intensity of this peak decreases there are some instances where
another peak is seen at 300 nm as seen for the sample from Scenario B after 21 days. This
peak is characteristic of cerium (IV), which is expected from the evidence presented in
Chapter 4 of a mixed valency state (111 and 1V) for the 10 K PVP capped ceria NMs. Since
Ce (IV) is still present after 21 days this implies that, provided there are still enough
organic acids and phosphate ions present, the transformation will continue to take place

past the predetermined experimentation period of 21 days.
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Figure 6.6 UV-VIS spectra for sample from Scenario A (1 part NM + 4 parts phosphate) as a function of

time.
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Figure 6.7 UV-VIS spectra for sample from Scenario B (4 parts NM + 1 part phosphate) as a function of

time.
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Figure 6.8 UV-VIS spectra for sample from Scenario C (1 part NM + 1 part phosphate + 3 parts H,0) as a

function of time.

6.5 Laboratory phosphate ageing of zirconium doped ceria

This section presents and discusses the characterisation results obtained from the
study where the NM series A-G (as described in 6.2.1) were exposed to phosphate

containing solutions (Section 6.2). The design for the experiments below was informed

from the pilot study presented earlier.
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6.5.1 Physical properties

6.5.1.1 Appearance

In this section the results of the visual inspection of the ceria and zirconium doped
ceria samples during the laboratory phosphate ageing process described above are
presented. Photographs of the samples were taken following: (1) immediate exposure to
the phosphate solution, (2) after 7 days and (3) after 21 days of continuous exposure. In
general, on addition of 4 mL of the phosphate solution, whether at 1 mM (Scenario D) or 5
mM (Scenario A) concentration, the NM suspensions appear to undergo an immediate and
noticeable colour change. However, when 4.92 mL of phosphate solution were added 80
puL of NM sample, resulting in more phosphate solution added to less NM than Scenarios
A and D, no noticeable colour change was noted. The weaker NM concentration was
probably the reason for this.

Samples A-G exposed to 4 mL of 5 mM phosphate solution was added to 1 mL of
NM solution (Scenario A). The immediate colour change on phosphate addition resulted
in the samples having a colour range from purple-grey to white (Figure 6.9). As the
amount of ceria present within the zirconium doped ceria samples decreased the colour
changed from purple-grey to white. Over time the samples changed colour and at the end
of the 21 days all the samples looked yellowish (Figure 6.10).

Samples A-G as a function of time where 4 mL of 1 mM phosphate solution was
added to 1 mL of NM solution (Scenario D) showed the lower phosphate concentration
produced lighter coloured samples. Significant settling was noticed after 7 days (Figure

6.11) and increased over the 21 days implying that the precipitate formed was unstable.
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The colour of the samples varied as the amount of ceria present within the zirconium
doped ceria samples varied.

Phosphate addition to samples A-G as a function of time where 4.92 mL of 5 mM
phosphate solution were added 80 puL of NM solution (Scenario E) showed no immediate
colour changes were noted. However, samples B-G became yellow in colour over time.
Sample A showed the presence of a sedimentation layer at the bottom of the vial. The use
of 1 mM (Scenario F) rather than 5 mM phosphate solution resulted in some samples

gaining a pink tinge rather than a yellow colour over time.

Figure 6.9 Samples A-G (left to right) after immediate addition of 4 mL of 5 mM phosphate solution to 1 mL of

NM solution (Scenario A).

Figure 6.10 Samples A-G (left to right) after 21 days exposed to Scenario A.
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Figure 6.11 Samples A-G (left to right) after 7 days exposed to Scenario D.

6.5.1.2 Shape and Size

6.5.1.2.1 Dynamic Light Scattering

DLS was used to measure the hydrodynamic diameter of NMs in the suspensions.
Table 6.6 shows the Z-Average obtained for pristine and aged zirconium doped ceria
samples A-G. The size distribution graphs are shown in Figures 6.12 and 6.13 for 1 mM
(Scenario D) and 5 mM (Scenario A) phosphate solutions respectively.

It is immediately noticeable that, on addition of the phosphate solution, regardless
of the concentration, the pristine particle size which ranges from 260 nm to 360 nm for the
samples, decreases for all samples except for sample A exposed to 1 mM phosphate
solution where an increase in Z-Average is recorded. This change is likely to be due to the
influence of the ionic concentration on the different NMs. The phosphate ions have a
greater effect on the hydrodynamic diameter of the zirconium doped ceria samples rather
than the pure ceria NMs.

The general trend for both 1 mM and 5 mM phosphate exposed samples is that the
Z-Average value decreases on immediate phosphate addition followed by an increase in
size. The size increase was due to transformations taking place. The extent of the increase

varies depending on the sample. As the zirconium concentration increases, that is from
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sample A to G, the size changes occurring over time after addition of phosphate are less
significant. This appears to be the result of lesser or no transformations taking place. In
fact sample G, which is composed of zirconium oxide, showed minimal changes over the
21 days following the decrease in Z-Average on phosphate addition.

Sample A, which is composed of cerium dioxide, shows the most significant
changes out of all the samples. Furthermore the changes are more pronounced for the 5
mM exposure compared to the 1 mM exposure with the size distribution for the 1 mM
exposure becoming bimodal by day 21 and the 5 mM exposure becoming multimodal by
day 7. This implies that the phosphate concentration plays a role in the transformation.
This was further supported by Sample B, where the changes in Z-Average were more
distinct for the 5 mM exposure than the 1 mM exposure. Samples C and D were consistent
with the trend of a decrease in Z-Average on immediate addition followed by an increase
over the 21 days. Samples E and F showed very little Z-Average value changes over the
21 day period after the initial decrease. Once again the changes are more prominent for

the 5 mM exposure rather than the 1 mM exposure.
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Table 6.6 Z-Average (nm) values obtained for pristine and aged zirconium doped ceria samples.

Pristine Day 0 Day 7 Day 21

Sample 1 mM 5mM 1 mM 5mM 1 mM 5 mM

Sample A 269.5+8.979 2855+3519 266.2+3.175 7025+19.43 6477 +1911 2268 + 239.6 5706 +582.0
Sample B 330.4+4509 1529+1.849 329.6+8.848 1923+2.703 579.7+19.06 2246+2.068 830.0+14.81
Sample C 2975+4.032 139.1+2438 1659+2.693 155.7+1447 311.3+5357 239.8+2176 276.9+5.806
Sample D 315.7+£5200 93.02+1.294 91.37+1322 1125+0.6904 136.6+1.865 123.6+3.068 209.6 +6.052
Sample E 358.3+6.424 7350+1.079 7744+1520 72.66%+0.829 77.41+0.0931 74.43+0.979 104.3+2.096
Sample F 341.0+10.93 1134+2381 1286+2994 1186+1.226 1144+1339 121.7+2137 126.1+3.755
Sample G 304.0+13.05 1224+1.427 1275+1246 1195+1561 1253+1914 1289+10.66 101.8+ 1.346
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Figure 6.12 DLS size histograms for zirconium doped ceria samples A-G exposed to 1 mM phosphate

solution (Scenario D) as a function of time.
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Figure 6.13 DLS size histograms for zirconium doped ceria samples A-G exposed to 5 mM phosphate

solution (Scenario A) as a function of time.
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6.5.1.2.2 Transmission Electron Microscopy

The TEM images obtained, shown in Table 6.7, reveal the physical transformations
that took place over time on exposure of the NMs to the phosphate solutions. TEM images
of the pristine particles show that the particle size is smaller than that obtained by DLS.
The primary pristine particle size is much smaller than that recorded by DLS, and is, in
fact, within the nanorange (< 100 nm). STEM analysis carried out elsewhere (as part of
the NanoMILE project — http://nanomile.eu-vri.eu) revealed the NPs’ sizes to be c. 5 nm.
The reason for this discrepancy in size is that DLS measures the hydrodynamic diameter
rather than the actual diameter of individual particles. Additionally, in the case of
agglomerates as seen here, the DLS size values will be more true to the agglomerate size.
This is the case with samples A-G where the DLS Z-Average was found to be greater than
200 nm and comparable to the agglomerate size (Section 6.5.1.2.1).

The exposure of the zirconium doped ceria nanoparticle samples A-G to the
phosphate solution resulted in structural changes with the formation of sea-urchin/needle-
like structures. Samples A to F all showed some form of this physical transformation. The
degree and rate of transformations decreased from sample A to sample G. This correlates
with deductions made from the DLS results. The degree and rate of transformation varied
depending on the quantity of ceria present within the sample. With the decrease in ceria,
transformations decreased from sea-urchins to needles to no transformation in the case of
sample G where no ceria was present. In fact sample G simply showed some slight
aggregation. This shows that the transformations occurring are due to the cerium oxide.

Furthermore, the 5 mM phosphate solution transformations occurred faster than those for

272



the 1 mM. This is particularly noticeable when comparing the 7 days images for both
concentrations.

The sea-urchin formation looks to take place in a number of steps. Firstly the
primary particles appear to decrease in size. This could be due to CeO, dissolution and
reduction in the presence of citric and ascorbic acid. In fact Zhang et al. (2012) highlight
that organic acids (e.g., citric acid) promoted CeO, dissolution and reducing substances
(e.g., ascorbic acid) played a key role in the transformation process, generating Ce (I1)
ions which then reacted with the phosphate present in the media. The smaller particles
seem to form needles, as seen in sample A 1 mM after 7 days, which then come together in
clusters to form larger sea-urchin like structures having a size of ¢. 200 nm. These sea-
urchin shaped materials gather together. The abundance of these structured materials
decreases from sample A to G and hence is dependent on the cerium concentration of the
sample.

The resultant particles have a larger surface area than the original particles. This
change in surface structure increases the surface area of the particles which in turn can

affect reactivity and possible NM interactions in the environment or human body.
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Table 6.7 TEM images for (from left to right) Pristine, 7 day old 1 mM phosphate exposed samples, 21 day old 1 mM phosphate exposed

samples, 7 day old 5 mM phosphate exposed samples and 21 day old 5 mM phosphate exposed samples A-G (from top to bottom).

Sample

Pristine

1 mM 7 days

1 mM 21 days

5 mM 7 days

5 mM 21 days

Sample A
Cerium(IV)

oxide

Sample B

Ce0.92r0.102




G.¢

Sample C

Ceo.752r0.2502

Sample D

Ceo.48Zr0.5202

Sample E

Ce0.252r0.7502




9/¢

Sample F

Ceo_lzl’0.902

Sample G
Zirconium

(V) oxide




6.5.2 Chemical properties

6.5.2.1 Surface Charge

Zeta potential gives an indication of the stability of the system and is important for
electrochemical surface properties. These in turn can affect the behaviour and toxicity of
NMs. Figures 6.14 and 6.15 show the zeta potential of the zirconium doped ceria samples
A-G exposed to 1 mM and 5 mM phosphate solution respectively as a function of time.
Both graphs show that, on immediate addition of the phosphate solution, the zeta potential
values change from a positive stable values of 34 — 53 mV to negative stable values of -36
—-43 mV for the 1 mM solution and -38 — -49 mV for the 5 mM solution. Both sets of
values are considered stable because they are more positive than +30 mV or more negative
than -30 mV (Malvern, 2013b). Factors affecting zeta potential are pH, conductivity and
concentration of the formulation components (Malvern, 2013b). The change in zeta
potential is due to the change in environment. The dissociation of acidic groups on the
surface of a particle give rise to a negatively charged surface (Malvern, 2013b). The
phosphate ions increase the surface charge density and change the charge of the oxide
surface (Brookhaven Instruments, 2016, Nelson et al.). Furthermore, the phosphate
environment results in a change in electrolyte concentration and pH (c. 5.5).

Between t=0 and t=7 days very little change is seen for all samples exposed to both
1 mM and 5 mM except for the cerium dioxide sample A exposed to 5 mM phosphate
solution. For this sample the zeta potential value increases significantly towards 0. At 21
days of exposure, there is more of an effect on the zeta potential values of the samples,

implying that time is an influencing transformational and behavioural factor. In the case of
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the 5 mM solution only samples C and F are stable. Samples A, B, D, E and G have zeta
values close to zero which is the isoelectric point and the point where the colloidal system
is least stable. This leads to aggregation of the particles. In fact the TEM images,
particularly those for sample A and B, show the presence of aggregation. In the case of the
1 mM solution only samples B and D are stable. Samples A, C, E, F and G have zeta
values close to zero which correlates to the aggregation seen in the TEM images.

In general samples A, E and G follow the same trend regardless of the phosphate
concentration. Samples B and D remain stable in the 1 mM solution but not the 5 mM
solution implying that the increased concentration results in faster particle transformations.
It is possible that, if left for longer, the zeta potential for these samples in the 1 mM
solution would also approach zero. Samples C and F are unstable after 21 days with the 1
mM solution but stable in the 5 mM solution. This further proves that it is not simply the
phosphate concentration that influences the transformation but also the sample

composition and the relationship between the two.
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Figure 6.14 Zeta Potential of zirconium doped ceria samples A-G exposed to 1 mM phosphate solution as a

function of time.
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Figure 6.15 Zeta Potential of zirconium doped ceria samples A-G exposed to 5 mM phosphate solution as a

function of time.

6.5.2.2 Chemical Composition

6.5.2.2.1FT-IR

Figure 6.16 shows the spectra for samples A-G (top to bottom) in their pristine
state (left) and after 21 days exposed to a 5 mM phosphate solution (right). The spectra for
the samples after 7 days and those exposed to a 1 mM phosphate solution after 7 and 21
days can be found in Appendix 8.

A number of the spectra show a broad peak above 3000 cm™ which results from O-
H stretching (Reusch, 2013) occurring due to the presence of water showing that even
though samples were dried before analysis some moisture was still present. Furthermore,

the strong peak seen just below 3000 cm™ is due to C-H stretching (Reusch, 2013). Strong
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peaks around 2000 cm™ can be seen in both the pristine and exposed sample spectra.
These can be attributed to nitrogen dioxide and carbon dioxide from the atmosphere.
Following exposure the stretching peak for P-O can be seen in the spectrum of
sample A indicating a change of cerium dioxide to cerium phosphate. The peak is found at
c. 960 cm™, a slightly lower value than that quoted in literature (Rajesh et al., 2004),
probably due to interactions with cerium. This peak is shadowed in samples B-G due to a
peak seen in all zirconium containing spectra. This could be the —OH bending peak which
has been reported to be found at c. 937 cm™ (Reusch, 2013). The weak peak seen for the
exposed samples at 1153 cm™ can be attributed to P=0 stretching which in literature has a
value between 1100 and 1200 cm™ (Reusch, 2013). This peak is not observed for sample
G. In fact no spectral differences are noted for the pristine and exposed sample G
implying no chemical transformation took place. Samples B-F show features resembling
both sample A and sample G. This is due to the fact that they are samples composed of a
mixed phase cerium (sample A being the end member) and zirconium dioxide (sample G

being the end member).
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Figure 6.16 FT-IR spectra for pristine (left) and 21 day 5 mM phosphate exposed samples A-G (top to

bottom).
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6.5.2.2.2 UV-VIS

The UV-VIS spectra for the pristine, immediately exposed, 7 days and 21 days
exposed samples to 1 mM and 5 mM phosphate solutions are presented in Figures 6.17 and
6.18 respectively. The major difference between the two graphs is the intensity of the
major peak on Day 0 as otherwise the trends are the same for both the 1 mM and 5 mM
exposure scenarios.

On analysing the pristine spectra sample A clearly shows the cerium (IV)
absorbance peak which occurs in the 300 to 400 nm range and is due to the charge-transfer
transition between O 2p and Ce 4f bands (Herrling, 2013, Tsunekawa et al., 2000). The
intensity of this peak decreases to non-existent across samples B-G as the cerium
concentration decreases to nil in sample G, zirconium dioxide. Pristine sample G shows a
spectrum characteristic of zirconium dioxide. The spectrum has a peak at c. 240 which
literature has attributed to both tetragonal and monoclinic zirconium dioxide (Ranga Rao
and Sahu, 2001) and a peak near 290 nm which can be attributed to interstitial Zr** ions in
the monoclinic lattice (Kumari et al., 2009).

On addition of the phosphate solution a strong peak occurs immediately at c. 270
nm. This peak is most likely to be due to ascorbic acid which reportedly has an
absorbance at 265 nm (Toth et al., 2002). This peak shows a slight blue shift (a decrease
in wavelength) from samples A to G probably due to the interaction with other peaks
belonging to cerium and zirconium phosphates and oxides found in the same region, likely
to be shadowing. The intensity of this peak increases from samples A to G. The reason
for this is the amount of ascorbic acid present increases from samples A-G as the amount

needed for reducing the cerium decreases due to the decrease in ceria concentration from

282



samples A to G. This peak is less prominent for the 1 mM phosphate exposed samples due
to the fact that less ascorbic acid is present than in the more concentrated 5 mM solution.
Furthermore, this peak shows the presence of a shoulder at a higher wavelength ¢. 300 nm,
which decreases in intensity from samples A to G. This peak is most likely due to cerium
(V).

Day 7 shows a drastic decrease in intensity and a weak peak is seen just above 300
nm for 1 mM and a slightly lower wavelength for 5 mM. The low intensity was probably
the result of a detection reduction brought about by the settling of particles seen in the
images presented in Section 6.5.1.1. Between day 7 and 21 only differences in intensity

were noticed and no significant peak position changes were recorded.
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Figure 6.17 UV-VIS spectra for pristine, immediately exposed, 7 and 21 days exposed samples exposed to 1

mM phosphate solution.
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6.5.2.2.3 XRD

XRD was carried out to study the sample structures and composition before and
after exposure to the phosphate solutions. Figure 6.19 shows spectra for the pristine and
21 day 5 mM phosphate exposed samples. The spectra for the 5 mM samples after 7 days
and 1 mM samples after 21 days can be found in Appendix 9.

The spectrum for pristine sample A, cerium dioxide, shows peaks at 20 = 28, 47
and 56 ° representing Miller indices (111), (220) and (311) respectively (Lawrence et al.,
2011b). Sample G, zirconium oxide, at the other end of the sample spectrum was identified
as having a monoclinic structure with peaks observed at 20 =28.2, 33.8, 35.1, 50.3 and
57.7 ° representing Miller indices (111), (002), (200), (122) and (222) respectively (Joint
Committee on Powder Diffraction Standards, 2001). This was expected as zirconium
oxide adopts a monoclinic crystal structure at room temperature and changes to tetragonal
and cubic structures with elevated temperatures (Stevens, 1986). The drying temperature
was not high enough to induce these changes. Pristine samples B-F showed features
pertaining to both samples A and G since they are composed of zirconium doped cerium
oxide. The features similar to sample A decreased from samples B to F as the
concentration of ceria within the sample decreased, whilst those resembling sample G
increased as the amount of zirconium within the sample increased.

XRD revealed and confirmed the chemical transformations following exposure to
the phosphate solution (right spectra in Figure 6.19). After the 21 days the samples look to
be more crystalline than the pristine samples. Samples A-F, all cerium containing
samples, all show peaks attributed to cerium phosphate indicating that the transformation

is not simply physical as seen by TEM (Section 6.5.1.2.2), but also chemical. The cerium
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phosphate monazite peaks are most clearly seen for sample A. These are found at 20 = 25,
27, 28, 41 and 48.5 ° representing Miller indices (020), (200), (120), (013) and (103)
respectively. The cerium phosphate peaks become less obvious from sample A-F. This
implies that the transformation varies depending on the cerium dioxide quantity as seen
from TEM (Section 6.5.1.2.2) and DLS (Section 6.5.1.2.1). Sample G shows peaks
belonging to potassium phosphate, the starting reagent, and zirconium oxide. No
transformation is observed for the zirconium oxide. This proves that it is the ceria that is
transforming on contact with the phosphate solution and not the zirconium oxide.
Furthermore, despite not changing, the zirconium oxide does not appear to inhibit the

transformation of the ceria within the doped sample.
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6.5.2.2.4 EDX

The chemical composition of the samples was determined by EDX. Figures 6.20-
6.26 show the TEM images and spectra obtained for samples A-G respectively. The TEM
images once again show the physical transformations that occurred. The sea urchin
density decreases from sample A to G where G shows no needle-like or sea-urchin
structures.

All the spectra show the presence of copper due to the copper grids on which the
samples were mounted for analysis. Sample A, as expected, shows no presence of
zirconium. EDX picks up potassium, cerium, phosphorus and oxygen. These are most
likely due to potassium phosphate, the salt used to make up the phosphate solution, cerium
dioxide, possibly due to some unreacted nanoparticles and cerium phosphate due to the
chemical transformation taking place whereby phosphate reacts easily with cerium ions to
form cerium phosphate. Samples B-F show the presence of all the same components as
sample A with the addition of zirconium as the samples were initially composed of
zirconium doped ceria. The spectrum for sample G shows no cerium since it is composed
of zirconium oxide. EDX identifies potassium, zirconium, phosphorus and oxygen. These
are most likely due to the potassium phosphate, the salt used to make up the phosphate
solution and zirconium oxide NMs.

The needles and core of the sea-urchin structures do not differ in compositional
components as seen from the spectra of samples A and B in Figure 6.20. There is a slight
difference in signal intensity with the core having a stronger signal for phosphorus and
cerium implying that the chemical transformation results in the formation of cerium

phosphate.
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Figure 6.20 TEM image and EDX spectra of sample B exposed to 5 mM phosphate solution for 21 days

where (A) shows the core NM and (B) shows the edge spectrum.
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Figure 6.21 TEM image and EDX spectra of sample B exposed to 5 mM phosphate solution for 21 days

where (A) shows the needles and (B) shows the core NM spectrum.
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Figure 6.22 TEM image and EDX spectrum of sample C exposed to 5 mM phosphate solution for 21

days.
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Figure 6.23 TEM image and EDX spectrum of sample D exposed to 5 mM phosphate solution for 21
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Figure 6.25 TEM image and EDX spectrum of sample F exposed to 5 mM phosphate solution for 21

days.
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Figure 6.26 TEM |mage and EDX spectrum of sample G exposed to 5 mM phosphate solution for

21 days.

6.6 Phosphate ageing of ceria nanomaterials using a naturally occurring

phospholipid

This section presents and discusses the characterisation results obtained from the
exposure of commercial ceria NMs (Sample A) to solutions containing 3 mg/mL or 15

mg/mL L-a-phosphatidylcholine (Section 6.3).

6.6.1 Physical properties

6.6.1.1 Appearance

On addition of the commercial ceria NMs to the phospholipid solution a milky
solution forms with a brown coloured precipitate indicating a significant transformation of
the pristine particles. After the 96 hour exposure period the precipitate is found to settle.
The colour variation, precipitate formation and precipitate settling are more pronounced
for the more concentrated sample (15 mg/mL) rather than the less concentrated solution (3

mg/mL).
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6.6.1.2 Shape and Size

6.6.1.2.1 Dynamic Light Scattering

The pristine hydrodynamic diameter Z-Average was found to be 172.1 + 1.705 nm.
This is larger than the actual diameter measured by TEM discussed in Section 6.5.1.2.2
below as it represents the hydrodynamic particle size (explained more fully in Section 3.2
in Chapter 3).

The addition of the phospholipid solution to the commercial ceria NMs results in
an increase in polydispersity from the original value of 0.272 + 0.009. This is shown by
the multiplicity of peaks in Figure 6.27 for both concentrations. This indicates that some
form of physical transformation is taking place. Furthermore, in the case of the more
concentrated sample (15 mg/mL), the PDI value increases to a larger extent than the less
concentrated sample (3 mg/mL). The latter has a value of 0.576 + 0.109 whilst the former
a value of 1.000 £ 0.000, the maximum PDI value possible. This indicates that the
phospholipid concentration affects any changes occurring. Additionally, the primary peak
of the 15 mg/mL solution is found in the same region as that of the pristine particle. The
primary peak of the 3 mg/mL solution is however found at a larger size.

After 96 hours of exposure no size distribution can be seen for the 15 mg/mL
sample. This is due to the rapid settling of the sample which does not allow enough time
for the instrument to obtain the distribution. The 3 mg/mL solution size distribution after
96 hours resembles that of t=0 just shifted to a larger size. This shift is probably due to

aggregation which is most likely due to the particle-particle interactions. The size
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distribution graphs of these two samples after 96 hours further reveals that the NM

behaviour varies depending on the phospholipid concentration.
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Figure 6.27 DLS size histograms for commercial ceria NMs exposed to a) 3 mg/mL and b) 15 mg/mL

phospholipid solution as a function of time.

6.6.1.2.2 Transmission Electron Microscopy

The results obtained from TEM analysis of the pristine ceria NMs and
phospholipid exposed NMs are shown in Table 6.8 and Figures 6.28-6.32. It is
immediately evident that no needle-like or sea-urchin shaped structures are present
implying that cerium phosphate was not formed. This was confirmed by means of XRD
discussed in Section 6.5.2.2.1. Despite this the spherical particles are seen to undergo

changes in size as a result of phospholipid exposure and as a function of time.
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The average size obtained is similar for all the samples except those exposed to the
15 mg/mL solution for 96 hours, where a smaller size is measured. In all cases the average
size value is associated with a large standard deviation. This is due to aggregation taking
place and reflects the large polydispersity value obtained from DLS (discussed in Section
6.5.1.2.1).

The mode shows the most common size obtained. That for the pristine NMs was
4.097 nm. On exposure to 3 mg/mL of phospholipid this is seen to increase to 6.597 nm
and slightly decrease to 6.547 nm after 96 hours. The histograms for the NM size
following exposure to the 3 mg/mL solution, Figures 6.38b and 6.39b, reveal the peak
shifting to the right representing a larger size as a function of time. This indicates
aggregation taking place.

Exposure of the ceria NMs to the 15 mg/mL phospholipid solution resulted in a
similar modal trend with an increase in size to 5.719 nm followed by a decrease to 3.192
nm. The histograms for the NM size following exposure to the 15 mg/mL solution,
Figures 6.40b and 6.41b, also reveal this trend. The increase in size is due to aggregation
whilst the decrease could be due to a chemical change occurring possibly the first step of

the transformation as mentioned in XRD below (Section 6.6.2.2.1).
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Table 6.8 TEM size values obtained for commercial ceria samples and phospholipid

exposed commercial ceria samples.

Sample Size (nm) Standard Median  Mode
Deviation

Sample A 15.383 17.126 8.233 4.097

Exposed to 3 mg/mL at t=0 16.569 12.670 12.793 6.597

Exposed to 3 mg/mL at t=96 16.490 10.867 13.511 6.547

Exposed to 15 mg/mL at t=0 16.069 13.272 11.049 5.719

Exposed to 15 mg/mL at t=96 7.358 6.649 4.8875 3.192
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Figure 6.28 a) TEM image and b) Histogram depicting size (nm) versus frequency for Sample A.
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Figure 6.29 a) TEM image and b) Histogram depicting size (nm) versus frequency for NMs exposed to 3

mg/mL phospholipid solution at time 0.

25

20

15
| I I
2 5 8 11 14 17 20 23 26

More

Frequency
o

(6]

Size (nm)

Figure 6.30 a) TEM images and b) Histogram depicting size (nm) versus frequency for NMs exposed to 3

mg/mL phospholipid solution after 96 hours.
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Figure 6.31 a) TEM image and b) Histogram depicting size (nm) versus frequency for NMs exposed to 15

mg/mL phospholipid solution at time 0.
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Figure 6.32 a) TEM images and b) Histogram depicting size (nm) versus frequency for NMs exposed to 15

mg/mL phospholipid solution after 96 hours.
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6.6.2 Chemical properties

6.6.2.1 Surface Charge

Figure 6.33 depicts the average zeta potential (at pH 5.5) of the ceria NMs exposed
to the different concentrations of phospholipid solutions as a function of time. A complete
table with all the zeta potential values plotted can be found in Appendix 10. The results
show differences based on both concentration and time.

On immediate addition, the NM suspension exposed to the less concentrated
phospholipid solution shows a drastic decrease in zeta potential as a result of a different
environment. After 96 hours the zeta potential value increases to a stable positive value of
49.8 £ 3.86 mV.

The NMs exposed to the more concentrated phospholipid solution show minimal
change on addition of the solution. This is different to the behaviour seen for the NPs
exposed to the 3 mg/mL solution and is due to the different ionic strength present within
the solutions. However, after 96 hours a drop in average zeta potential to a value near

neutral is seen.
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Figure 6.33 Average zeta potential for commercial ceria NMs (Sample A) exposed to 3 mg/mL and 15

mg/mL phospholipid solution as a function of time.

6.6.2.2 Chemical Composition

6.6.2.2.1 XRD

XRD was carried out to study the sample structures and composition before and
after exposure to the phospholipid solutions. Figure 6.34 shows spectra for the pristine
and the exposed samples. The spectrum for pristine ceria NMs is the same as that of
sample A from the series of the zirconium doped ceria NMs. The spectrum is discussed in
Section 6.5.2.2.3. It is representative of cerium dioxide and shows peaks at 20 = 28, 47
and 56 ° representing Miller indices (111), (220) and (311) respectively (Lawrence et al.,
2011a). The exposed samples show a similar pattern indicating that no chemical

transformation occurred. However, it is possible that these peaks are shadowing those of
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Ce,03 which are found at 20 = 29 and 56 ° representing Miller indices (002) and (112)
respectively (Lawrence et al., 2011a). In fact the NMs exposed to the 15 mg/mL solution
show a broader and stronger peak just below 20 = 30 © and below 20 = 60 °. This could
imply that the first step of the transformation, which is the reduction, is in fact beginning
to occur.

Unlike the samples exposed to the organic acid and phosphate containing solution,
where the XRD spectrum showed a chemical transformation and the presence of cerium
phosphate (Figure 6.19) following exposure, no cerium phosphate peaks were observed
here. There are three possible reasons for the lack of the presence of cerium phosphate.
Firstly the lack of the organic acids present within the phospholipid solution which could
have resulted in a slower dissolution and reduction reaction of the ceria nanoparticles
taking place. Fatty acid may not be as efficient in dissolution and reduction as citric and
ascorbic acid are. Secondly, the exposure duration may have been too short for the
transformation to occur. Despite this a longer exposure period would have not been
realistically representative of how long bile is in the body before being discarded. A final
reason could be that the complexity of the phospholipid molecule did not allow easy

access to the phosphate group to allow a reaction for a transformation to take place.
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Figure 6.34 XRD patterns of pristine commercial ceria NMs prior to exposure, NMs exposed to 3 mg/mL

phospholipid solution for 96 hours and NMs exposed to 15 mg/mL phospholipid solution for 96 hours.

6.7 Understanding the Phosphate Induced Transformations

Ceria and ceria-rich samples underwent chemical and physical transformations
when exposed to a mixture containing citric acid, ascorbic acid and monopotassium
phosphate. The transformation taking place depicted in Figure 6.35, involved the

following four steps:

1. Dissolution of CeO, by citric acid.
2. Reduction of Ce*" to Ce** by ascorbic acid.
3. Reaction of Ce (II) ions with the phosphate present in the media.

4. Formation of needle-shaped Ce(ll1)-phosphate phase.
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5. Clustering of needles around a core and formation of larger sea-urchin like

structures.
Dissolution with Reduction with Reaction with »*
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v ’ *
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Figure 6.35 Transformation of ceria and ceria-rich nanoparticles in the presence of a mixture of organic acids

and phosphate.

The exposure of the ceria NMs to the naturally occurring phospholipid showed no
characteristic phosphate ageing transformations. The lack of a reducing phase, timing

and/or phosphate could explain why this transformation did not take place.

6.8 Conclusions

6.8.1 Pilot phosphate ageing of 10 K PVP capped ceria NMs

On exposure of the 10 K PVP capped ceria NMs to three different strengths of
phosphate solutions major transformations were observed, despite the NMs being capped
with PVP; the capping, therefore, does not prevent the transformation from taking place.

As a result of the phosphate exposure, drastic changes in both the Z-Average and
PDI values were noted with multiple peaks observed and the samples becoming very
polydisperse. The different nanoparticle to phosphate ratio resulted in differing trends yet

no generalisation can be drawn from the results due to the extensive aggregation occurring.
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TEM revealed the spherical ceria nanoparticles having transformed to needle-like/sea-
urchin cerium phosphate characteristic structures. These clearly indicate the
transformation occurring. UV-VIS showed a strong peak at 270 nm which is due to
ascorbic acid and shadowing that of PVP and cerium (I1I). The intensity of this peak is
similar for the samples from Scenario B (4 parts NP and 1 part phosphate solution) and
Scenario C (1 part NM, 1 part phosphate and 3 parts water solution). The peak has a
greater intensity for the 1 part NM and 4 part phosphate solution. This confirms that the
peak is due to a component of the phosphate solution, namely ascorbic acid, and not the
nanoparticles. Furthermore, it is believed that the transformation mechanism involves the
organic acids (e.g., citric acids) promoting CeO, dissolution and the reducing substances
(e.g., ascorbic acids) generating Ce (I11) ions. The generation of these ions, that have a

high binding affinity to phosphate groups, enable the phase transformation.

6.8.2 Phosphate ageing of zirconium doped ceria

The exposure of zirconium doped ceria NMs to environmentally realistic phosphate
solutions resulted in physical and chemical transformations for all ceria-containing
samples. These were studied by means of various characterisation techniques.

Ceria and cerium-rich samples showed the Z-Average value decreases on
immediate phosphate addition followed by an increase in size. These particles grew into
characteristic sea urchin/needle-like structures which were observed by means of TEM.
Smaller particles seem to form needles, these needles growing into clusters to form larger
sea-urchin like structures having a size of c. 200 nm. These sea-urchin shaped particles

gather together.
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Ceria and cerium-rich samples also underwent compositional transformation to
phosphate-bearing phases. The chemical transformation was monitored and confirmed by
means of FT-IR, UV-VIS, XRD and EDX. The stretching peak for P-O can be seen in the
spectrum of pure cerium dioxide but is shadowed in the other spectra. Despite this the
P=0 peak can be seen for all ceria containing samples 1153 cm™. The UV-VIS spectra
show a strong peak at ¢. 270 nm. This is due to the presence of ascorbic acid which
increases in intensity from samples A to G as the amount needed for reducing the ceria
decreases as a result of the decrease in ceria concentration from samples A to G.

XRD revealed that samples A-F, all cerium containing samples, all show peaks
attributed to cerium phosphate (monazite structure). EDX picked up potassium, cerium,
phosphorous and oxygen for sample A. Samples B-F show the presence of all the same
components as sample A with the addition of zirconium. The needles and core of the sea-
urchin structures do not differ in compositional components. The spectrum for sample G
shows no cerium since it is composed of zirconium oxide.

Sample G, the zirconium oxide NMs, showed no transformation to phosphate.
This indicates that it is the cerium that is transforming on contact with the phosphate
solution and not the zirconium. Despite the presence of the zirconium within the doped
samples, transformations, both chemical and physical, still took place as revealed through
the characterisation results obtained. Therefore the presence of the dopant, the zirconium,
did not prevent the cerium within the sample from reacting with the organic acids and
phosphate and transforming.

The transformations were dependent on time, ceria concentration and phosphate to
cerium concentration. The degree to which the transformation takes place varied

depending on the cerium to zirconium ratio and the phosphate solution concentration. The
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greater the cerium content and the phosphate concentration, the more significant and
noticeable the transformations were.

The transformation mechanism involved an organic acid (e.g., citric acid)
promoting CeO, dissolution and a reducing substance (e.g., ascorbic acid) generating Ce
(11 ions. The generation of these ions, that have a high binding affinity to phosphate

groups, enable the formation of cerium phosphate.

6.8.3 Phosphate ageing of ceria nanomaterials using a naturally

occurring phospholipid

The exposure of the ceria NMs to a naturally occurring phospholipid revealed
minimal physical and chemical changes. No characteristic phosphate ageing
transformations were observed.

Addition of the NMs to the phospholipid solution resulted in a precipitate. TEM
showed no needle-like or sea-urchin shaped structures present in the precipitate or
suspended particles implying that cerium phosphate was not formed. Despite this the
spherical particles are seen to undergo changes in size as a result of phospholipid exposure
and as a function of time. DLS showed an increase in both polydispersity and size most
likely brought about by aggregation. TEM revealed that the average size obtained is
similar for all the samples except those exposed to the 15 mg/mL solution for 96 hours,
where a smaller size is measured possibly implying dissolution of the samples. In all cases
the average size value is associated with a large standard deviation due to aggregation
resulting in polydispersity. Changes were more pronounced for the more concentrated

phospholipid solution (15 mg/mL) rather than for the less concentrated one (3 mg/mL.).
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Time also influences these changes. Surface charge behaviour differed depending
on the phospholipid solution concentration. Only slight changes were determined by XRD
possibly implying some presence of Ce,O3;. No characteristic cerium phosphate peaks
were noted indicating that the transformation seen on exposure to phosphate solution was
not observed here.

There are three possible reasons for the lack of phosphate induced ageing as seen
using the phosphate solution. Firstly the lack of ascorbic acid or equivalent substance
resulted in no reduction of the cerium. Secondly the 96 hour exposure duration, though
realistically representative of a scenario, may have in fact been too short for the
transformation to occur. Finally, the complexity of the phospholipid molecule may have
hindered access of the nanoparticles to the phosphate group and thus not allow a reaction

for a transformation to take place.
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Chapter 7: Conclusions

The first aim was to synthesise a new nanomaterial library and characterise its

components by means of a multi-method approach.

This goal was achieved as PVP capped metal oxide nanomaterials, where the core
was composed of ceria, zinc oxide or copper oxide, were successfully synthesised, scaled-
up and characterised by means of various characterisation techniques. Techniques
included DLS, Zeta potential, UV-VIS, TEM, STEM, EELS, EDX, XAS, FT-IR, XPS,
ICP-OES. The synthesis was easily adaptable, reliable and repeatable.

TEM and DLS results revealed comparably sized PVP capped metal oxide NMs of
c. 5, 7 or 20 nm for 10 K, 40 K and 360 K PVP respectively. STEM showed smaller size
values with the 10 K PVP capped metal oxide NM core having a size of ¢. 3-4 nm. The
surface charge of all NM dispersions was found to be close to zero due to steric
stabilisation brought about by the PVVP capping.

Chemical characterisation confirmed the presence of the metal oxide NMs and
determined that, where the metal had more than one stable oxidation state, which is in the
case of cerium and copper, the oxide cores were composed of mixed valency states. UV-
VIS, EDX and EELS would have not been sufficient enough for valency state analysis and
XPS was needed to back up and develop the results interpretation. XPS revealed 10 K and
360 K PVP capped ceria NMs to be mixed with the latter having a greater ratio percentage
of Ce (Ill) and the former a greater ratio percentage of Ce (IV). 40 K PVP capped ceria
was shown to be composed of Ce (Il1) oxide. Furthermore XPS showed all copper oxide

samples to contain both Cu (1) and Cu (1), with Cu (11) being the more dominant species
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for 10 K and 360 K PVP capped copper oxide and Cu (I) the more dominant for the 40 K
PVP capped.

PVP has been found to play a significant role in the synthesis of the NMs as well as
being an influencing factor in determining both the NMs’ physical properties, including
appearance and size, as well as the NMs’ chemical properties including surface charge,
concentration and oxidation state.

The importance of the library is that it provided the development of a set of
particles with systematically varied properties. These allow for hypothesis driven toxicity
studies, whereby the effect of a specific property (size, composition) can be assessed
whilst other properties remain unchanged. This library is already being used in toxicity
studies, e.g. for high throughput screening as part of the NanoMILE project as well as for

an algae toxicity study in collaboration with Universidad Autonoma de Madrid.

The second aim was to study any chemical or physical alterations to nanomaterials,
particularly the developed PVP capped nanomaterial library, resulting from temperature

ageing studies.

The purpose of this part of the project was to study the chemical and physical
transformations, induced by the thermal treatment of the library nanomaterials described in
Chapter 5. This thermal treatment was implemented as a proxy for ageing of
nanomaterials in order to enable prediction of longer term transformations that would be
experimentally unfeasible to test.

The transformations were investigated by means of a multi-method characterisation

approach. Samples were analysed at various time points by DLS — size and zeta potential
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analysis, TEM, UV-VIS and XPS. Results showed that NM behaviour was influenced by
both internal factors, including core composition, capping and core interaction and size,
and external factors, in this case temperature.

DLS and TEM revealed a general trend involving a decrease in the primary size of
the NMs and the development of a second peak at a larger size indicating aggregation as
seen also by TEM, as a function of temperature and time. Differences in these changes
and rate of changes were revealed amongst the PVP used as a reference, capped and
uncapped samples. In the case of the ceria samples as the PVP chain length increases the
changes in size at different temperatures look to decrease. The rate of size change varies
for the different nanoparticle cores, ceria > copper oxide > zinc oxide, revealing that the
core composition also plays a role in influencing the rate of aggregation. Furthermore, it is
important to note that the presence of PVP is not restricting aggregation. The commercial
ceria (uncapped) sample seemed to have a threshold temperature at 80 °C, beyond which
the particles’ size and aggregation were significantly affected.

The surface charge of all the capped particles shows very little change as a function
of time regardless of the temperature, as indicated by the zeta potential measurements.
The PVP samples used for reference showed some slight changes. However, due to the
lack of capping, the most significant changes were noted for the commercial ceria (Sample
A), particularly at 80 °C.

Chemical analysis, studied by XPS and UV-VIS, confirmed metal core oxidation
states. PVP capped zinc oxide showed no changes. Sample A NMs showed minimal
changes and the lack of the PVP capping, which acts as a reducing agent, is probably the
reason why the particles are not as easily reduced as the PVP capped metal oxide NMs.

The PVP capped copper oxide and ceria NMs showed changes in oxidation. For the 10 K
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PVP capped copper oxide NMs up until 65 °C both copper (11) and copper (l) species are
present yet at 80 °C any Cu (1) present has been completely oxidised to Cu (1I). 10 K PVP
capped ceria started off in a mixed valency state and at 80 °C the sample is clearly
reduced. 40 K PVP capped ceria NMs show that the NM cores become oxidised and exist
in a mixed valency state. No spectrum was obtained for the 360 K PVP capped ceria NMs
after exposure to 80 °C as no signal was obtained. The elevated temperature could be
causing dissolution or faster dissolution of the NMs. The core composition valency state
is an important feature that could influence toxicity. Changes in valency state were noted
as a function of temperature and time and dependent on the influence of temperature, core
chemistry and/or PVP reducing ability on the core.

Furthermore, UV-VIS indicates the probability of dissolution, aggregation and/or
transformation of the particles and PVP due to a decrease in peak intensity over the 28
days and the development of a second peak. The rate of change is influenced by
temperature and increasing with increasing temperature.

The PVP capping, despite stabilising the NMs, did not isolate them from external
factors and therefore the particles underwent physical and chemical changes. Additionally
the capping looked to be becoming less effective as a function of time and temperature.
This was evidenced by the presence of aggregation observed by DLS and TEM as well as
through UV-VIS where the metal peak originally shadowed by the PVP peak becomes
noticeable particularly in the case of the ceria NMs.

This study shed light on the complexity of ageing. Furthermore it shows how
specific NM behaviour is to NM properties, both physical and chemical, the environment,
and the interaction between the two. In this study core composition, capping, capping and

core interaction and NM size all influenced the behaviour. Moreover, in spite of the PVP
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capping stabilising the NMs, this does not ensure that they are not affected by external

factors.

The third aim was to study any chemical or physical alterations to ceria and ceria

containing nanomaterials, resulting from phosphate induced ageing.

When released into the environment ceria and ceria containing NMs are able to
come in contact with phosphate bearing molecules and media both in the environment and
within the human body. The aim here was to study the possible transformations of
commercial ceria (Sample A), zirconium doped ceria and laboratory synthesised 10 K PVP
capped ceria NMs in the presence of phosphate containing solutions. These samples were
chosen in order to compare PVP capped and uncapped ceria NMs and a range of zironium
doped ceria samples with varying compositions of zirconium to cerium ranging from pure
cerium (IV) oxide to pure zirconium (IV) oxide. Following various exposure scenarios the
NMs’ physical and chemical properties were characterised by DLS, zeta potential, UV-
VIS, TEM, EDX, XRD and FT-IR.

Phosphate ageing of a series of zirconium doped ceria nanoparticles, ranging from
pure ceria to pure zirconium dioxide, was carried out. This was done using a 5 mM pH
adjusted solution of potassium phosphate, ascorbic acid and citric acid and resulted in
physical and chemical transformations for all ceria-containing samples. Ceria and ceria-
rich samples underwent transformation to larger particles growing into characteristic “sea
urchin”/needle-like structures.  Furthermore these samples underwent compositional
transformation to phosphate-bearing phases. The transformation, discussed in detail in

Section 6.7, occurred as a result of the reaction of Ce (1) ions, from the dissolution of the
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CeO0, by citric acid followed by the reduction of Ce (IV) to Ce (l11) by ascorbic acid, with
phosphate groups present within the media. The transformations were dependent on time,
ceria concentration and phosphate to ceria ratios. The degree to which the transformation
took place varied depending on the cerium to zirconium ratio and the phosphate solution
concentration and was proportional to the cerium content and the phosphate concentration.
The zirconium oxide particles showed no transformation to phosphate. However, the
presence of zirconium within the doped samples did not inhibit these transformations.

10 K PVP capped ceria NMs showed similar transformations as those observed for
the zirconium doped ceria NMs. The transformations were once again dependent on time,
ceria concentration and phosphate to ceria concentration and most likely occurred in the
same way.

Exposure of ceria sample A NMs to a pH adjusted solution of a naturally occurring
phospholipid, which was set up in such a way to be as representative of a real-life scenario
as possible, revealed minimal physical and chemical changes. Changes involved size and
polydispersity increments due to aggregation, as well as surface charge changes due to the
altered environment. On exposure of these materials to the phosphate solution no
characteristic phosphate ageing transformations were observed. There could be three
possible reasons for this. First of these is the lack of a phase to aid the reduction of the
ceria. Secondly, the 96 hour exposure duration may be too short for the transformation to
occur since XRD spectrum for the NPs exposed to the 15 mg/mL phospholipid solution
did in fact show peaks, implying that the first step of the transformation, which is the
reduction, was in fact beginning to occur. Finally there is the possibility that the access of
the NMs to the phosphate group of the phospholipid molecule was hindered by the

bulkiness of the phospholipid molecule.
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This study, focusing on synthesis, characterisation and, behavioural and
transformation understanding acts as the vital preliminary basis for toxicity studies. This
work has shown that NM transformations are complex and dependent on a number of
internal and external, physical and chemical NM properties in order to occur. It further
highlights the important need for thorough understanding of the exposure of pristine NMs
and their behaviour once transformed. It is hoped that the well-characterised NM library
samples, temperature aged NMs and transformed NMs will continue to be used for various

toxicity studies.
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Chapter 8: Future Work

This work has focussed on the synthesis, characterisation and behavioural and
transformation understanding of a library of PVP capped metal oxide NMs and
commercially available ceria based NMs. This library can act as a preliminary basis for
future work. As mentioned in the conclusion these particles have already begun to be used
for toxicity studies. Ideally this work continues to develop and the NMs continue to be
used for more extensive toxicity studies such as in vitro studies and daphnia toxicity work
to test the hypothesis that core chemistry is a primary toxicity-controlling factor.

Complimentary to the toxicity work, additional studies can be carried out on the
particles of the NM library to further understand their core composition chemistry. It
would be useful to acquire the proportion of alternative valency states and detailed
information about the bonding environment for all NMs in order to explain on-going and
already obtained toxicity results. Proposed XAS Synchrotron work, which is pending,
would allow for this.

Additionally the behaviour of the NM library in different scenarios and
environments may be looked into. This could include stability and dissolution studies in
various media such as those of freshwater or daphnia. Furthermore other ageing studies,
such as UV exposure and other transformation studies, can be performed on the NM
library samples.

In the case of phosphate ageing, this could be carried out in a more
environmentally or biologically realistic scenario. Moreover the exposure of the ceria or
ceria containing NMs to the phosphate solution could be extended from 21 days to

investigate what would happen over longer periods of time. An attempt could be made to
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study the kinetics of the reaction by monitoring the rate of formation of the cerium
phosphate by possibly using ICP as a technique.

Another interesting aspect which future research should address is the expansion of
the PVP capped metal oxide library. This can be done by trying a range of different
starting reagents similar to cerium nitrate, zinc nitrate and copper nitrate in order to
determine whether they also produce PVP capped NMs having comparable properties.
Moreover attempts can be made to synthesise PVP capped mixed metal oxide core NMs
by adapting the initial amount of metal nitrate used for the synthesis when using a
combination of metal nitrates. Any new library NMs or doped library NMs, after

extensively characterised, should also have their behaviour and toxicity studied.
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Appendix 1

Table A.1.1 Average Zeta Potential Values for PVP capped metal oxide nanoparticle and

scaled-up nanoparticle dispersions.

Sample

Average Zeta Potential (mV)

10 K PVP reference sample

40 K PVP reference sample
360 K PVP reference sample
10 K PVP capped ceria x1

10 K PVP capped ceria x3

10 K PVP capped ceria x6

40 K PVP capped ceria x1

40 K PVP capped ceria x3

40 K PVP capped ceria x6

360 K PVP capped ceria x1
360 K PVP capped ceria x3
360 K PVP capped ceria x6

10 K PVP capped zinc oxide x1
10 K PVP capped zinc oxide x3
10 K PVP capped zinc oxide x6
40 K PVP capped zinc oxide x1
40 K PVP capped zinc oxide x3

40 K PVP capped zinc oxide x6

-1.81+0.20

-0.90 + 0.09

-3.63 +0.26

1.74+0.14

0.28 +0.29

0.43 +0.03

0.06 +0.07

-0.64 £0.72

0.62 +0.06

0.07+0.16

-1.02+0.14

-0.52 +0.25

-0.89 £ 0.22

-0.20 £ 0.15

0.04 +0.007

0.05 +0.57

-0.15+0.16

-0.29 £ 0.52
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360 K PVP capped zinc oxide x1
360 K PVP capped zinc oxide x3
360 K PVP capped zinc oxide x6
10 K PVP capped copper oxide x1
10 K PVP capped copper oxide x3
10 K PVP capped copper oxide x6
40 K PVP capped copper oxide x1
40 K PVP capped copper oxide x3
40 K PVP capped copper oxide x6
360 K PVP capped copper oxide x1
360 K PVP capped copper oxide x3

360 K PVP capped copper oxide x6

-0.08 £ 0.08

-0.44 +0.14

-0.40 £ 0.23

-0.29 +0.27

0.01+0.13

0.21+0.02

-0.16 £0.11

-0.56 £ 0.38

0.28 £0.38

-0.02 £ 0.15

-0.87 +0.27

-0.59 +0.07
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Appendix 2
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Figure A.2.1. UV-VIS spectra for scaled-up PVP capped ceria as prepared, x3 and x6 for a) 10 K PVP, b) 40

K PVP and c) 360 K PVP
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Figure A.2.2. UV-VIS spectra for scaled-up PVP capped zinc oxide as prepared, x3 and x6 for a) 10 K PVP,

b) 40 K PVP and c) 360 K PVP
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Figure A.2.3. UV-VIS spectra for scaled-up PVP capped copper as prepared, x3 and x6 for a) 10 K PVP, b)
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Appendix 3

Table A.3.1 ICP-OES Concentration Values obtained for PVVP capped metal oxide nanoparticle and scaled-up nanoparticle dispersions

Sample Reading 1 Standard Reading 2 Standard Reading 3 Standard Average Standard
(mg/L) deviation 1 (mg/L) deviation 2 (mg/L) deviation 3 Reading deviation
(mg/L)
Cel0x11 1.438 0.025 / / 1.369 0.034 1.404 0.049
CelOx12 2.205 0.016 2.050 0.027 2.223 0.032 2.159 0.095
CelOXx13 2.607 0.019 2.647 0.038 2.329 0.019 2.528 0.173
Cel10x31 13.160 0.168 9.909 0.019 15.690 0.271 12.920 2.898
Cel0x32 11.710 0.135 11.540 0.491 11.910 0.134 11.720 0.185
Cel0x33 9.713 0.105 8.677 0.041 10.090 0.731 9.493 0.732
Cel10x61 17.430 0.249 18.440 0.030 14.820 0.098 16.897 1.868
Ce 10 x6 2 8.494 0.138 14.900 0.105 15.670 0.035 13.021 3.940
Cel0x63 18.320 0.256 10.210 0.202 22.400 0.422 16.977 6.205
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Ced0x11

Ced0x12

Ced40x13

Ced40x31

Ced40x32

Ced0x33

Ced0x61

Ce40x6 2

Ced0x63

Ce360x11

Ce 360 x1 2

Ce 360 x1 3

Ce 360x31

Ce 360 x3 2

1.342

1.168

2.068

11.750

6.499

10.040

18.380

11.360

26.270

0.215

0.243

0.291

1.494

3.521

0.010

0.003

0.014

0.162

0.119

0.120

0.565

0.220

0.288

0.014

0.008

0.006

0.010

0.091

1.316

1.687

1.833

7.354

7.119

10.180

19.390

11.620

10.390

0.275

0.273

0.179

4.503

3.409

0.015

0.039

0.032

0.064

0.136

0.201

0.013

0.362

0.016

0.005

0.002

0.004

0.065

0.007

1.135

1.708

2.102

8.958

6.813

5.233

22.230

10.080

10.330

0.189

0.219

0.241

4.210

3.117

0.015

0.013

0.031

0.138

0.121

0.054

0.187

0.210

0.124

0.004

0.002

0.003

0.086

0.040

1.264

1.521

2.001

9.354

6.810

8.484

20.000

11.020

15.663

0.226

0.245

0.237

3.402

3.349

0.113

0.306

0.146

2.225

0.310

2.817

1.996

0.824

9.186

0.044

0.027

0.056

1.659

0.209
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Ce 360 x3 3

Ce 360 x6 1

Ce 360 x6 2

Ce 360 x6 3

Zn10x11

Zn10x12

Zn10x1 3

Zn10x31

Zn10x3 2

Zn 10 x3 3

Zn10x61

Zn 10 x6 2

Zn 10 x6 3

Zn40x11

Zn40x12

3.786

6.593

9.598

2.583

1.223

0.813

0.954

3.196

3.314

4.933

7.224

13.060

9.686

0.934

0.773

0.127

0.125

0.163

0.065

0.011

0.009

0.011

0.276

0.005

0.060

0.078

0.291

0.169

0.003

0.007

2.735

4.902

2.341

0.848

0.842

0.864

3.008

2.440

3.331

5.284

9.150

6.868

0.917

0.705

0.016

0.152

0.029

0.006

0.001

0.001

0.009

0.004

0.027

0.070

0.145

0.056

0.006

0.002

2.441

6.344

7.835

1.230

0.841

0.776

0.992

3.075

2472

3.446

5.186

5.851

3.868

1.019

1.007

0.025

0.058

0.064

0.009

0.005

0.002

0.005

0.018

0.007

0.022

0.075

0.026

0.015

0.009

0.010

2.987

6.469

7.445

2.051

0.971

0.810

0.937

3.093

2.742

3.903

5.898

9.354

6.807

0.957

0.828

0.707

0.176

2.372

0.722

0.014

0.009

0.012

0.277

0.009

0.069

0.128

0.326

0.179

0.011

0.012
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Zn40x1 3

Zn40x31

Zn40x3 2

Zn40x3 3

Zn40x6 1

Zn 40 x6 2

Zn 40 x6 3

Zn 360 x11

Zn 360 x1 2

Zn 360 x1 3

Zn 360 x3 1

Zn 360 x3 2

Zn 360 x3 3

Zn 360 x6 1

Zn 360 x6 2

0.703

1.926

2.485

2.798

5.666

5.360

8.522

0.103

0.159

0.184

0.658

0.408

0.801

1.691

3.684

0.005

0.017

0.030

0.038

0.092

0.074

0.135

0.002

0.003

0.003

0.001

0.003

0.004

0.014

0.019

0.904

1.827

4.123

2.256

5.854

10.550

5.783

0.027

0.198

0.140

0.776

0.637

0.707

0.710

2.505

0.009

0.008

0.019

0.026

0.073

0.238

0.020

0.001

0.001

0.001

0.003

0.000

0.009

0.005

0.026

0.744

1.769

2.323

2.286

4.346

7.593

5.392

0.109

0.135

0.335

0.423

0.559

0.602

0.536

2.467

0.001

0.013

0.039

0.012

0.011

0.086

0.011

0.003

0.001

0.002

0.001

0.005

0.008

0.007

0.009

0.784

1.841

2977

2.447

5.289

7.834

6.566

0.080

0.164

0.220

0.619

0.535

0.703

0.979

2.885

0.010

0.023

0.053

0.048

0.118

0.264

0.137

0.004

0.003

0.004

0.004

0.006

0.012

0.017

0.034
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Zn 360 x6 3

CulOx1l1

CulOx1l2

CulOx13

CulOx31

Cul0Ox32

Cul0Ox33

CulOx61

Cul0x62

Cul0x63

Cu4d40x11

Cu4d40x12

Cu40x13

Cu40x31

Cu40x32

2.214

1.026

1.282

1.557

5.372

2411

3.346

5.530

4.374

4.246

0.997

1.064

0.463

1.826

1.820

0.018

0.020

0.023

0.015

0.032

0.017

0.019

0.023

0.032

0.052

0.006

0.001

0.017

0.040

0.026

1.060

1.411

1.375

1.538

3.030

4.509

2.361

4.745

3.443

4.241

0.898

0.766

0.488

2.538

1.996

0.010

0.019

0.027

0.010

0.024

0.034

0.055

0.094

0.065

0.045

0.031

0.014

0.006

0.044

0.003

1.493

1.328

1.841

1.606

2.997

3.310

2.938

5.135

2.909

3.836

0.859

0.842

0.632

1.675

1.764

0.011

0.018

0.014

0.027

0.055

0.137

0.039

0.008

0.024

0.176

0.009

0.014

0.026

0.052

0.010

1.589

1.255

1.499

1.567

3.800

3.410

2.882

5.137

3.575

4.108

0.918

0.891

0.528

2.013

1.860

0.023

0.203

0.300

0.035

1.362

1.053

0.495

0.393

0.741

0.235

0.071

0.155

0.091

0.461

0.121
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Cu40x33

Cu40x61

Cu40x6 2

Cu40x63

Cu360x11

Cu 360 x12

Cu 360 x1 3

Cu360x31

Cu 360 x3 2

Cu 360 x3 3

Cu 360 x6 1

Cu 360 x6 2

Cu 360 x6 3

1.717

7.153

6.571

3.346

0.157

0.198

0.333

0.693

0.039

0.831

2.178

1.587

3.158
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Appendix 4

Figure A.4.1 shows the DLS size distributions obtained for 10 K PVVP capped ceria NMs at

room temperature for a period of six months.
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Figure A.4.1 DLS size distribution graphs for 10 K PVP capped ceria NMs at room temperature over 6

months.
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Appendix 5

The characterisation data for the commercial ceria NMs (Sample A) were taken from the

NanoMILE characterisation deliverable. Tables A.5.1-A.5.4 show the STEM, DLS, zeta

potential and UV-VIS results respectively.

Table A.5.1 STEM Characterisation data of commercial ceria NMs.

Parameter Details
Instrument name JEOL JEM2100F
Accelerating voltage 200 keV

Substrate for sample
support
Description of sample

preparation method

Number of particles
analysed (=100)

Size of sample (nm)
Standard deviation of

sample (nm)

cumesh400 holey carbon film

Samples were prepared by partially drying a drop of the particle
solution on a cumesh400 holey carbon film (Agar scientific) at
room temperature The grid was washed thoroughly with UHP
water and re-dried.

140

4.7

1.4
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Table A.5.2 DLS Characterisation data of commercial ceria NMs.

Parameter Details
Instrument Name Malvern Zetasizer 5000
Cuvette Type low volume disposable cuvettes (polystyrene)

(glass, polystyrene)

Sample volume (mL) iml
Scattering angle 173°
Laser wavelength 633 nm

Medium refractive index 0.2
Size (nm) 172.1 £ 1.705
PDI 0.272 +0.009

Size distribution graph

25
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Intensity

10 A

1 10 100

Size (nm)

1000
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Table A.5.3 Zeta Potential Characterisation data of commercial ceria NMs.

Parameter Details

Instrument name Malvern Zetasizer 5000

Cuvette Type Disposable folded capillary cells
pH of the suspension 7

Voltage selection (automatic, manual)  automatic

lonic strength of dispersant Close to zero
Average zeta potential (mV) 50.3mV £ 0.719
Average electrophoretic mobility 3.641 + 0.05149

Table A.5.4 UV-VIS Characterisation data of commercial ceria NMs.

Parameter Details
Instrument name 6800 Jenway double beam UV-VIS spectrophotometer
Measurement range 200 — 800nm
Cuvette material Quiartz
Cuvette size 10 cm
Reference sample water
Sample dispersant water
Figure 12
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Appendix 6

Table A.6.1 shows the statistical data obtained for the PCC analysis of the size data

obtained by means of DLS. 44 data samples were analysed for each sample except the

commercial ceria (PROM Ce) not including T=80 °C where 33 samples were analysed.

Table A.6.1 PCC statistical analysis data.

Intensity Temperature Size

REF10 Correlation Co-efficient ~ Time -0.320 0.000 0.112

P Value 0.0342 1.000 0.470

Correlation Co-efficient Intensity -0.516 -0.389

P Value 0.000333 0.00898

Correlation Co-efficient ~ Temperature 0.161

P Value 0.297
Cel0 Correlation Co-efficient ~ Time -0.675 0.000 -0.0617

P Value 0.00000049  1.000 0.691

Correlation Co-efficient Intensity -0.378 0.434

P Value 0.0113 0.00322

Correlation Co-efficient ~ Temperature -0.497

P Value 0.000601
Ce40 Correlation Co-efficient ~ Time -0.206 0.000 0.376

P Value 0.179 1.000 0.0120

Correlation Co-efficient Intensity -0.717 -0.179

P Value 0.0000000437 0.244
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Ce360

Commercia
I

Ce
Including

T=80

PROM Ce
Not
including

T=80

Znl0

Correlation Co-efficient

P Value

Correlation Co-efficient
P Value
Correlation Co-efficient
P Value
Correlation Co-efficient

P Value

Correlation Co-efficient

P Value
Correlation Co-efficient
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Correlation Co-efficient
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Correlation Co-efficient
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Correlation Co-efficient
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Correlation Co-efficient
P Value

Correlation Co-efficient

Temperature

Time

Intensity

Temperature

Time

Intensity

Temperature

Time

Intensity

Temperature

Time

Intensity

-0.282

0.0633

0.240

0.116

-0.276

0.120

-0.301

0.0472

0.000

1.000

0.405

0.00639

0.000

1.000

-0.177

0.252

0.000

1.000

0.0765

0.672

0.000

1.000

0.168

0.333

0.0270

0.00355

0.982

0.807

3.796E-011

0.550

0.000108

0.186

0.227

0.0576

0.710

0.0338

0.828

0.529

0.00154

-0.277

0.119

0.267

0.134

-0.0270

0.862

-0.361
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Cul0

P Value

Correlation Co-efficient

P Value

Correlation Co-efficient

P Value

Correlation Co-efficient

P Value

Correlation Co-efficient

P Value

Temperature

Time

Intensity

Temperature

-0.355

0.0182

0.277

0.000

1.000

-0.558

0.0000831

0.0160

-0.761

0.00000000204

-0.197

0.200

0.254

0.0964

-0.209

0.174
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Appendix 7

The average zeta potential values of the 10 K PVP capped ceria NMs exposed to different

phosphate solutions as a function of time are shown in Table A.7.1.

Table A.7.1 Average zeta potential values of the phosphate exposed 10 K PVP capped

ceria NMs.

Scenario A
1 part NP and 4
parts phosphate

solution (mV)

Scenario B
4 parts NM and 1
part phosphate

solution (mV)

Scenario C
1 part NM, 1 part
phosphate solution &

3 parts water (mV)

Prior to addition 1.74+0.14

After addition -14.2 +3.42
After 7 days -10.8 + 0.252
After 21 days -13.2 £ 0.833

After 13 months -9.81+3.11

1.74+0.14

1.66 +£0.182

3.66 = 0.524

3.61+0.291

1.24 +0.101

1.74+0.14

-1.30 +£ 0.0781

0.846 + 0.102

1.38 £ 0.0929

-7.69 + 3.49
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Appendix 8

The FT-IR spectra for 7 day 5 mM, 7 day 1 mM and 21 day 1 mM phosphate exposed

zirconium doped ceria samples (A-G) are shown in Figures A.8.1 and A.8.2.

Sample A

A

Sample C

Arbitrary Transmission

Sample D

Sample F

oy

Sample G

4000 3000 2000 1000

Wavelength (nm)
Figure A.8.1 FT-IR spectra for 7 day 5 mM phosphate exposed samples A-G (top to bottom).
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Figure A.8.2 FT-IR spectra for 7 day (left) and 21 day (right) 1 mM phosphate exposed samples A-G (top to

bottom).
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Appendix 9

The XRD patterns for the 7 day 5 mM and 21 day 1 mM phosphate exposed zirconium

doped ceria samples (A-G) are shown in Figures A.8.1 and A.8.2 respectively.
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—— Sample D
—— Sample E
—— Sample F
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Figure A.9.1 XRD pattern for the 21 day 1 mM phosphate exposed samples A-G (bottom to top).

339



—— Sample A
—— Sample B

Sample C
—— Sample D
—— Sample E
—— Sample F
—— Sample G

2]

c

)

—

£

>
]

s
s

-

<

20 30 40 50 60 70 80

2 Theta (degrees)
Figure A.9.2 XRD pattern for the 7 day 5 mM phosphate exposed samples A-G (bottom to top).
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Appendix 10

The average zeta potential values of the commercial ceria NMs exposed to the different

concentrated phospholipid solutions as a function of time are shown in Table A.10.1.

Table A.10.1 Average zeta potential values of the phospholipid exposed commercial ceria

NMs.

Sample Pristine (mV) t=0 (mV) t=96 (mV)
3 mg/mL 50.3+0.719 17.9+2.27 49.8 + 3.86
15 mg/mL 50.3+0.719 49.1 +3.31 10.8 £1.39
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Appendix 11

Journal Publications

S. M. Briffa, I. Lynch, V. Trouillet, M. Bruns, D. Hapiuk, J. Liu, R. E. Palmer and E.
Valsami-Jones, “Development of scalable and versatile nanomaterial libraries for

nanosafety studies: Polyvinylpyrrolidone (PVP) Capped Metal Oxide Nanoparticles”,

RSC Advances. 2017. 7. DOI:10.1039/C6RA25064E.

S. M. Briffa, I. Lynch and E. Valsami-Jones, “Physical and chemical phosphate
transformations of Zirconium doped Ceria nanoparticles - A better understanding of

engineered nanomaterial possible environmental behaviour”. In preparation.

I., Romer, S. M. Briffa, Y. A. R. Dasilva, , D. Hapiuk, R. E. Palmer and E. Valsami-
Jones, “Impact of phosphate concentration and pH on the phosphate induced

biotransformations of different cerium dioxide nanoparticles”. In preparation.

Oral Presentations

S. M. Briffa, I. Lynch, V. Trouillet, M. Bruns, D. Hapiuk, J. Liu, R. E. Palmer, K.
Ignatyev, Z. Shi and E. Valsami-Jones, “Importance of Multi-method Characterisation

Approach in the Development and Behavioural Understanding of nanomaterial libraries

for nanosafety studies: Polyvinylpyrrolidone (PVP) capped Metal Oxide Nanoparticles”,
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New Tools and Approaches for Nanomaterial Safety Assessment, Malaga 7-9 February,

2017.

S. M. Briffa, I. Lynch and E. Valsami-Jones, “Physical & Chemical Phosphate
Transformations of Zirconium doped Ceria Nanoparticles”, 2™ Nanosafety Forum for

Young Scientists , Visby, Sweden, September 15-16, 2016.

S. M. Briffa, I. Lynch and E. Valsami-Jones, “Importance of nanoparticle libraries for
toxicity studies — The synthesis and characterisation of a PVP capped metal oxide
nanoparticle library”, Postgraduate Symposium on Nanotechnology, Birmingham, 15

December 2015.

S. M. Briffa, I. Lynch and E. Valsami-Jones, “Thermal Transformations of
Manufactured Nanoparticles (MNPs) as a Proxy for Ageing”, 10" International
Conference on the Environmental Effects of Nanoparticles and Nanomaterials, Vienna, 6-

10 September 2015.

S. M. Briffa, I. Lynch, V. Trouillet, M. Bruns, D. Hapiuk, Z. Y. Dang, R. E. Palmer, N.
Sano and E. Valsami-Jones, “Development of nanomaterial libraries for nanosafety
studies: PVP capped Metal Oxide Nanoparticles”, International Congress on Safety of
Engineered Nanoparticles and Nanotechnologies (SENN 2015), Helsinki, 12-15 April

2015.
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S. M. Briffa, I. Lynch and E. Valsami-Jones, “Synthesis & Characterisation of
Polyvinylpyrrolidone (PVP) Capped Metal Oxide Nanoparticles for Ageing Studies”,

NanoSafety Forum for Young Scientists, Syracuse, 8-9 October 2014.

Poster Presentations

S. M. Briffa, I. Lynch, V. Trouillet, M. Bruns, D. Hapiuk, J. Liu, R. E. Palmer, K.
Ignatyev, Z. Shi and E. Valsami-Jones, “Importance of Multi-method Characterisation
Approach in the Development of nanomaterial libraries for nanosafety studies:
Polyvinylpyrrolidone (PVP) Capped Metal Oxide Nanoparticles’, Nanoparticle

Characterisation Challenges for the Community, IOP, London, 4 July 2016.

S. M. Briffa, I. Lynch and E. Valsami-Jones, “Phosphate induced transformations of
zirconium doped ceria nanoparticles — A better understanding of engineered nanomaterial
environmental behaviour ”, Postgraduate Symposium on Nanotechnology, Birmingham, 15

December 2015.

I. Rdmer, S. M. Briffa and E. Valsami-Jones, “Transformations of Ceria nanoparticles
as a result of phosphate ageing studies”, 10" International Conference on the
Environmental Effects of Nanoparticles and Nanomaterials, Vienna, 6-10 September

2015.
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