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Abstract

The work in this thesis concerns the development of processes to produce monodisperse
and spherical silica particles using more sustainable and environmentally benign means.
Spherical silica is widely used and is integral to many advanced applications. A major
problem, however, is that current silica production methods are inherently unsustainable.
Contemporary silica production can be rendered more sustainable by optimising for
efficiency, an approach used in Chapter 2, when analysing a process used by Glantreo
Ltd. However, optimisation of such processes eventually leads to stalemate, in which no
further increase in sustainability is possible. This is due to the fundamentally
unsustainable nature of the reagents used in such processes — petrochemical surfactants,
organic solvents, and certain alcohols. Therefore, to create spherical silica in a sustainable
and environmentally benign way, the work in this thesis lays out possible development
routes for spherical silica manufacturing research into biomimetic processes which use

biopolymers, mild conditions, and water-based chemistries to synthesise silica particles.
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Chapter 1

Introduction

This chapter has been submitted for publication as a review article.

Curley, R., Holmes, J.D. & Flynn, E.J. Can Sustainable Monodisperse Spherical Silica

Be Produced From Biopolymers? A Review.
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1.1 Introduction

Spherical silica is one of the most important contemporary industrial materials. It has
many integral uses across a diverse range of areas such as catalysis, adsorption,
chromatography, sensors, and drug delivery, to name just a fraction.!> However, like
many industrial materials that are fundamental to modernity, there are issues with how
spherical silica is currently produced. Since the Industrial Revolution, rates of
anthropogenic pollution have rapidly increased in tandem with, and with profound causal
links to, the innovation and advancement of industrial production. Throughout this period,
right up to the present day, little regard in industry has been given to environmental

consequences of inefficiencies and wastes of industrial processes.

In an attempt to address this failing the concept of Green Chemistry was formalised in the
1990s. One of its key facets is the “design of chemical products and processes to reduce
or eliminate the use and generation of hazardous substances.”® In essence, this means
developing processes that are more sustainable, through the use of reagents which cause
minimal environmental damage. Ideally, these reagents come from natural and renewable
sources, that are either biodegradable or environmentally benign. This must become the

guiding principal for industrial development, and silica manufacturing is no exception.

The ubiquity of spherical silica necessitates the manufacture of vast quantities of it
annually to meet worldwide demand. The global market for precipitated silica, including
spherical silica, was valued at USD 1.96 billion in 2018 and is expected to continue to
grow.” However, industrial spherical silica production methods currently use vast
quantities of environmentally damaging reagents such as alcohols, alkoxysilanes, and oil-

derived surfactants.® ! These embedded environmental costs render the processes
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unsustainable. Thus, finding environmentally friendly alternative production methods for
spherical silica is critical. Learning from nature’s own silica production method,

biomineralisation, may offer the means to do so.

Biomineralisation is the process by which certain plants and animals create complex,
hierarchical, mineral structures, often out of silica, from simple starting materials.!' For
hundreds of millions of years plants have been using silica for structural supports and
pathogen defense.!? Animals also use silica on a vast scale, with radiolaria, sponges,
molluscs, and diatoms among those which have mastered the biomineralisation process.!*
16 Diatoms are particularly interesting to materials scientists. These creatures are single-
celled algae that can construct labyrinthine structures out of silica with ease. They have
become model organisms for studying the silica biomineralisation process. The level of
detail and control achieved in diatom silica structures has not been matched by materials
science. The complexity of the bottom-up silica production processes of diatoms makes
in vitro replication of their silica constructs profoundly difficult. But biomimetic materials
research has attained some understanding of the fundamentals of biomineralisation
processes. This knowledge can be used to produce biosilica — silica particles synthesised

via biomimetic processes — using environmentally friendly means.

Since the discovery and isolation of the biomolecules responsible for biomineralisation
there have been numerous attempts to use this knowledge to replicate the process in vitro
to create various silica structures.!”?° While some of these studies have attempted to
produce spherical silica particles, discrete and monodisperse particles produced via a truly
sustainable biomimetic synthesis is still difficult. Identifying the parallels between

biomineralisation and the current industrial methods of silica production, based upon the
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Stober process and its derivatives, may be the key to this morphological control. Another
key advantage of synthesising spherical silica biomimetically is the reduced
environmental impact, due to the relatively mild synthesis conditions, compared to the
current methods.'” When the Stober processes use templating agents to control the particle
morphology, these are often petrochemical surfactants. Extraction and refinement of fossil
fuels, such as petroleum — from which traditional surfactants are derived — causes severe
damage to ecosystems, local environments, and the climate.?!*> Biopolymers offer a less
problematic alternative. They are renewable, naturally occurring, environmentally benign,
and their production and use generates less CO2.%* As with traditional polymers, there is
a great, and ever growing, variety of highly refined biopolymers available. This stems

from their widespread use in many materials science applications,?* 2

and particularly in
the medical field, for drug delivery and wound healing applications.?*>* Biopolymers
have also been extensively used in food technology, mainly as films, coatings, and

emulsion stabilisers.>*3” Now, green chemistry aspirations are accelerating the use of

biopolymers into further fields.

1.1.1 Overview

Chapter 1 introduces key concepts of traditional spherical silica production and the
natural production of silica via biomineralisation. The similarities between these
processes are highlighted and detailed, and studies using biomolecules to synthesise
spherical silica in a sustainable and environmentally benign way are explored. Chapter 2
focuses on analysing a process used by Glantreo Ltd., which synthesises silica
industrially, to create non-porous spherical silica particles based on the traditional Stober

process. Glantreo Ltd. needed to optimise the process in order to control the dimensions
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of the particles in the nanometre range based on the input concentrations of reagents. The
ability to control the dimensions of these particles gave Glantreo Ltd. the base knowledge
to scale up this process in an efficient manner. Statistical analysis of the process allowed
for the determination of particle size and yield based on input reagent concentrations
which improved the efficiency of the process by only using the necessary amounts of
reagents and energy required to get a specific particle size. Chapter 3 follows on from
the work in Chapter 2 and focuses on making spherical silica particles in a biomimetic
and sustainable way using the Stdber process as a starting point. The biomolecules
phosphatidylcholine and soy lecithin are used to synthesise spherical silica particles using
a green methodology. Chapter 4 expands on this work further by using sodium caseinate
to synthesise spherical silica particles using statistical analysis and design of experiments
methodologies. A regression equation is obtained allowing the prediction of particle size
based on input reagent concentrations. Chapter 5 concludes this thesis with some
overarching conclusions and a future outlook on potential avenues for research into

sustainable silica production.

This thesis lays out the parallels between the established Stdber processes and the
emerging field of biomimetic silica, with a view to bridging the gap between the two. The
focus will be on the physicochemical characteristics of the specific biomolecules
responsible for biomineralisation in creatures such as diatoms and how they relate to the
surfactants used in the Stober processes. These properties are then used to identify
biopolymers readily available from sustainable sources that may fulfil the role of the
surfactants in the Stober processes and enable the synthesis of spherical silica particles.

Spherical silica is a material of great importance, and there is a growing need for its
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production to be sustainable. While the process of biomineralisation, with its complex
structures and granular control, and the Stober processes may seem distinct from one
another, the underlying formation process is strikingly similar (section 1.4). This thesis
looks at whether the unsustainable traditional spherical silica syntheses can be replaced
with sustainable, biopolymer-based ones. In the first chapter, firstly we will focus on a
background of spherical silica formation in the Stober processes, and the inherent
environmental problems associated with them. Secondly, explaining biomineralisation,
the biomolecules responsible for the formation of silica in vivo, and physicochemical
properties of biopolymers which are conducive to this. Thirdly, the parallels between the
Stober processes and biomineralisation are investigated and highlighted, and examples
are given of attempts to produce silica in a biomimetic way using these parallels. Lastly,
the future outlook is given on using biopolymers to create sustainable spherical silica,
looking at specific examples of attempts to create spherical silica using biopolymers, and

any potential barriers to this are explored.

1.2 Spherical silica

There are a number of key ways in which natural silica production in organisms is
paralleled by industrial silica production. One can use biopolymers to take advantage of
those parallels to make silica more sustainably. But, to do this, one must first understand
current industrial spherical silica production methods. There is a single historical point of

origin for all modern spherical silica manufacture — the Stober process.

1.2.1 Stober process

The origins of spherical silica production begin in 1968 when Stober et al.*® reported a

process for the controlled growth of spherical non-porous silica particles of uniform size.
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Since then, the field has grown drastically to include modified versions of this process to
give highly porous, high surface area silica particles, which extends the applications into
areas such as drug delivery and high performance liquid chromatography.’>*® The
particles obtained via this method ranged in size from 50 nm to 2000 nm in diameter. The
relatively simple procedure involves mixing a silica precursor, an alkyl silicate, with
ammonia, in a water/alcohol solution. The alkyl silicate is hydrolysed to give silicic acid,
which subsequently condenses to yield monodisperse silica particles. Ammonia is used
as a base catalyst and influences the morphology of the particles to render them spherical.
A key aspect of the Stober process is the ability to produce monodisperse particle sizes
by altering the reaction conditions, i.e., type of alcohol/alkyl silicate and concentrations
of the various reagents. During their systematic study of these conditions, Stober et al.
found that the rate of hydrolysis and condensation is fastest in methanol, giving smaller
particles, and slowest in n-butanol, giving larger particles. The choice of alkyl silicate also
influences particle size. Fastest reaction rate and smallest particle sizes were observed
with tetramethyl orthosilicate, while slowest reaction rate and larger, fewer uniform
particles were observed for tetrapentyl orthosilicate. The reason for this is that smaller
alkyl chains are more sterically accessible, while larger chains are sterically hindered. The
concentration of water influences the rate of hydrolysis and thus, the final particle size.
Ammonia affects the morphology of the final particles. Absence of ammonia leads to
irregularly shaped particles, indicating that it acts as a morphological catalyst. Control of
particle size and morphology was a key step forward in silica production. Thus, key to
forming discreet spherical silica particles is the presence of a morphological-control

agent, aka, structure-directing agent (SDA). In this case, the SDA is ammonia. But as the
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process for creating spherical silica evolved, petrochemical surfactants such as CTAB
were used as the SDA. The reason why, and mechanism by which, these surfactants work
is explained subsequently, but for now it suffices to say that it is these same properties

that allow certain biopolymers to also create spherical silica particles.

1.2.2 Modified-Stober process

After Stober’s seminal work on non-porous particles, surfactants were incorporated into
the synthesis to create porous particles. These modified-Stober processes broaden the
utility of the particles by opening new applications. The role of the surfactants is to control
the morphology, size, and porosity of the particles. This surfactant-templated approach
enables a high degree of control of the these physical properties.*! The most commonly
used templating agents are long-chain amine molecules such as hexadecylamine (HDA)
and cationic surfactants such as cetyltrimethylammonium bromide (CTAB), which is
even more widely used. The surfactants form micelles in solution and under basic
conditions the negatively charged silica oligomers interact with the positively charged or
neutral surfactants. The surfactant acts as a structure-directing agent (SDA), which
controls the formation of the pores and size of the particles.*> The surfactant is then
removed post-synthesis by calcination to reveal the pores. The synthesis can also be done
in acidic conditions with triblock copolymer templates.* In either case mesoporous silica

particles are formed.

1.2.3 Structure-directing agents

The structure and shape of the silica particles is highly dependent on the interactions
between the silicate species and SDA during synthesis. The SDA controls the morphology

of the final silica particles. In the case of the Stober synthesis, the morphological control
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comes from the ammonium hydroxide. Under basic conditions the surface of the forming
particles is negatively charged and the cationic ammonium ion is electrostatically attracted
to the surface. This attraction prevents aggregation of the particles and allows discrete
spherical particles to grow. Such colloidal stability is generally well described by DVLO
theory,** which describes the interaction of particles in a liquid medium as the sum of van
der Waals and double layer interactions. The van der Waals forces arise from the
fluctuating dipoles of atoms and molecules,* and are typically attractive forces. The
electrical double layer forms on the surface of the particles with the first layer consisting
of NH4" ions attracted to the negatively charged silica surface and the second layer being
made up of negatively charged ions such as OH". Thus the electrical double layer
describes the repulsion force between particles because when two double layers overlap,
electrostatic repulsion increases.*® Whether particles aggregate together, or remain stable
and do not aggregate, depends on the net potential energy, which is a sum of the van der
Waals and double layer forces. If van der Waals forces dominate, the particles will
aggregate, and if the double layer forces dominate, the particles will be repulsed. Ionic
strength, pH, and surfactants have a direct influence on these forces, and therefore,

colloidal stability.*’

In modified-Stober syntheses, the principle is the same although the way in which the
structure-directing agent acts differs slightly. As mentioned, non-ionic or cationic
surfactants are typically used in modified-Stober syntheses. At high concentration, the
surfactant forms micelles to lower the system entropy.*® The concentration above which
these micelles form is known as the critical micelle concentration (cmc). Inside the

micelle core, which is essentially liquid hydrocarbon, there is greater freedom for
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movement and so the entropy associated with the hydrocarbon tails also increases, which
promotes the formation of micelles.*” The electrostatic interaction between the surfactant
and the growing network of silica depends on the pH of the reaction conditions. Figure

1.1 shows three of these possible interactions.

A ‘ B
ol o 0 o
/o—s| HT/ \ o—%~" ST \s
Si i
—si o 9 Ho\ ——si \EJH2 OH /| HO\
/\o‘ ° O—g; / OH, HO O—;

Figure 1.1 Example of (a) interaction of cationic surfactant with negatively charged
silicate species in basic conditions, (b) interaction of anionic surfactant with positively
charged silicate species in acidic conditions and (c) interaction of non-ionic surfactant
with silica through hydrogen bonding. Note: other types of interactions exist, shown here
are the three most common. Adapted from Alothman.®

The electrostatic interactions bring the silica oligomers into greater proximity with each
other and as a result the silica network condenses around the surfactant micelles (see
Figure 1.3). These electrostatic interactions also prevent aggregation of the particles and
discreet monodisperse particles are produced. Non-ionic surfactants such as HDA interact
with the silica surface through hydrogen bonding. This hydrogen bonding occurs between

the amine hydrogen and the oxygen, and the hydroxyl hydrogen and the nitrogen.’® Again
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the silica condenses around the surfactant, while preventing aggregation. A more detailed

explanation of the growth mechanism is provided in the proceeding sections.

1.2.4 Hydrolysis and condensation

The growth of silica particles in the Stober process is, at its most fundamental, controlled
by two reactions: (1) the hydrolysis of TEOS [Si(OEt), — Si(OEt),4_,(OH),], where
x =1 — 4, and (2) condensation of the Si(OEt),_,(OH), monomers into the siloxane
network. Scheme 1.1 shows the mechanism of the hydrolysis and condensation processes.
The hydrolysis of the silica precursor can take place under acidic or basic conditions. At
basic pH, the formation of spherical particles is promoted, while silica gels generally form
under acidic pH.’! The reason for this difference is that under acidic conditions, the
forming silica particles bear little surface charge and aggregation into a gel network is
more likely.> Whereas under basic conditions, electrostatic repulsion inhibits
aggregation. The Stober process uses ammonium hydroxide as the base catalyst to
accelerate the hydrolysis and condensation of TEOS, as shown in Scheme 1.1. The initial
hydrolysis step is the slowest and rate-determining step, but the rate increases as more
ethoxy groups are removed due to increased positive charge of the silicon and reduced
steric hindrance around the silicon.”® The condensation reaction is similar to the
hydrolysis reaction in that it involves a nucleophilic substitution reaction transitioning
through a pentacoordinate intermediate which forms the siloxane network. The hydrolysis
and condensation reactions, and the degree to which either one dominates, have a

significant impact on the size and morphology of the final particles, as discussed below.
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Scheme 1.1 Mechanism of hydrolysis and condensation of TEOS in the presence of
ammonia (Stéber process). TEOS is hydrolysed to give the oligomeric precursor species.
Note that the hydrolysed precursor shown here is only one of the possible structures
formed. For a more detailed description of these intermediaries, see Trinh et al.>*
Condensation of these oligomers leads to the generation of small primary seed/sub-
particles. These nucleation events precede the formation of the final particles. The final
particles are formed typically via coalescence and/or Ostwald ripening of the seed

particles. Mechanism adapted from Ghimire et al.>
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Two prominent mechanisms have been proposed to describe the growth of the silica

5336 and aggregation models.’”*® Briefly, the monomer

particles — the monomer addition,
addition model suggests that monomers continue to form until above a certain critical
supersaturation level, a burst nucleation event occurs. This nucleation event consumes the
monomers until the concentration of monomers falls below the nucleation threshold. After
this, monomers preferentially deposit onto the growing siloxane network resulting in
particle growth. The aggregation model suggests that particle growth occurs via the
aggregation of particles that are formed during nucleation. Smaller particles are
colloidally unstable due to their high interfacial energy and therefore aggregate together,

resulting in particle growth. These two models provide two distinct growth mechanisms,

however they may not be mutually exclusive.

Recent research by Han et al.>®

has tried to reconcile the relationship between the two
growth models by looking at the kinetic balance between them. They describe two
pathways (see Figure 1.2) to growth in the Stober process, Pathway I: hydrolysis of the
silica precursor into silanol monomers which initially nucleate to form seeds for growth;
and Pathway II: condensation of newly-formed silanol monomers onto the seeds formed
in Pathway I, which results in augmentation of the silica particles. They found that
monodisperse silica nanoparticles were only formed in concentrated ammonia solutions

(>0.95 M), which increased the hydrolysis of the silica precursor. At lower ammonia

concentrations, the hydrolysis rate is slowed and polydisperse particles are formed.
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Figure 1.2 From Han et al.>® Particle growth can be divided into two consecutive stages,
Pathway I (nucleation-growth) and Pathway II (monomer addition) at high ammonia
concentration (>0.95 M); or Pathway I (nucleation-growth), Pathway I+II (continuous
nucleation and monomer addition) at low ammonia concentration (< 0.95 M).

The growth mechanism for silica particles in the presence of an SDA such as CTAB can
be described by similar monomer addition and aggregation models. Figure 1.3 shows
these two pathways. The monomer addition (upper pathway) describes the adsorption of
silicate anions onto the surface of the micelles followed by condensation around the
micelle, forming primary particles. Growth then occurs by addition of monomeric or
oligomeric silica and surfactant molecules, with mesophase structuring occurring through
rearrangement of the aggregated species from a non-ordered agglomerate.* The
aggregation model (lower pathway) describes the adsorption of polymeric silica onto
individual micelles (primary particles) which then aggregate together to form the
mesostructure.’! In both cases, the adsorption of silicate species onto the surface of the
micelle reduces electrostatic repulsion between the micelles, allowing them to aggregate
and subsequently form particles. CTAB has also been shown to form bilayers on the
surface of silica particles, which allows for charge stabilisation.®** This provides
colloidal stability to the particles, similar to the way in which NH4" acts in the Stober

synthesis.
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Figure 1.3 Proposed mechanisms for the formation of surfactant-templated silica. The
upper pathway corresponds to a monomeric silica addition mechanism. The lower
pathway corresponds to aggregation of seed particles to form larger particles. Adapted
from Nooney et al.®!
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Another proposed mechanism for particle growth is through a phase-separation process.
Initially, TEOS is located in the core of the surfactant micelle due to its immiscibility with
water. The ethanol used in the synthesis is thought to act as a cosurfactant inside the
surfactant micelles, involved in the formation of phase-separated seed particles.®® Then
the ethanol acts as a cosolvent decreasing the rate of hydrolysis of TEOS. This decreased
hydrolysis rate slows down the production of anionic silicate species, which allows the
electrostatic repulsion between surfactant headgroups to increase, elongating the
micelles.* These elongated micelles then aggregated together, resulting in particle
growth. However, SANS and molecular simulation data indicate that the likely

mechanism of formation follows that of Figure 1.3.5%
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1.2.5 Ostwald ripening and coalescence

A complementary process of particle growth occurs via Ostwald ripening, which is a
coarsening process which occurs in the late stage of phase transformation.®’ In general,
when particles are formed from a homogeneous solution, a phase transition occurs. This
transition causes an interfacial area to be created between the solid and liquid phases.
Smaller particles have a higher surface-to-volume ratio than larger particles, and thus have
higher surface energies associated with them. As such, any process which produces larger
particles at the expense of smaller particles will be thermodynamically favourable. In
order to grow, reactive units (either monomers or small aggregates) must diffuse to the
surface, followed by subsequent reaction at the surface, of the particles. The coarsening
can be described as occurring via diffusion-limited growth or reaction-limited growth.
The most prominent Ostwald ripening process is that of diffusion-limited growth which
was given a mathematical description by Lifshitz and Slyozov®® and Wagner®, the so-
called LSW theory. Ostwald ripening can be identified in particle size distributions by a
characteristic Gaussian curve. Coalescence is the fusion of two or more particles together,
leading to particle growth. This process is also results in a lowering of the interfacial
energy between the particles and the solution. However unlike Ostwald ripening which
tends to produce size-monodisperse particles, coalescence tends to produce polydisperse
particles. This is due to the non-homogenous fusion of particles and is characterised by a
log-normal curve in particle size distributions. Ostwald ripening dominates in typical
silica production methods. Figure 1.4 shows some example silica particles prepared via

the Stober process.
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Figure 1.4 Scanning electron microscopy images of silica nanoparticles prepared via the
Stober process. Scale bar = lum. Images from author’s own work.

In summary, spherical silica particles can be readily achieved via Stober processes. The
key additive that enables and promotes the spherical morphology is an SDA. The silica
precursor is first hydrolysed and the SDA interacts with the hydrolysed silicate species
primarily through electrostatic and/or hydrogen bonding interactions. These interactions,
along with the growth mechanisms described above, promote the formation of spherical
silica. The SDA also prevents aggregation of the forming particles through these same

electrostatic and/or hydrogen bonding interactions, as discussed previously.
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1.3 Environmental problems of Stober silica production

While spherical silica production is important, the production process is problematic. A
typical Stober process, and its derivatives, uses some combination of the following
categories of reagents: an alkoxysilane as the silica precursor, ammonia, surfactant, water,
and an alcohol. The most commonly used silica precursor is tetraethyl orthosilicate
(TEOS), but others such as tetramethyl orthosilicate (TMOS), tetrapropyl orthosilicate
(TPOS), and tetratbutyl orthosilicate (TBOS) are also used. The main environmental
problem associated with these compounds is their toxicity when they are released into the
environment. This release may be accidental or deliberate, through inadequate waste
disposal. Numerous studies of alkoxysilane toxicity have been conducted, with renal
failure, and acute tubular necrosis, and even fatalities in some animal models among the
most serious observations.!%’*"> Ammonium hydroxide can also be toxic if released into
the environment and is classed as H400 (very toxic to aquatic life) by the Globally
Harmonised System of Classification and Labelling of Chemicals (GHS).”> Ammonium
hydroxide in water exists in equilibrium with the free ammonia form, which is more toxic
than the ionised form.” Numerous studies on the effect of ammonia on aquatic life have
reported an LC50 (lethal concentration, 50%) in the range of just pg/L to mg/L. A
comprehensive list of these studies is available in this USEPA report.”” Ethanol is
commonly used as pesticide (microbiocide, fungicide, etc.) with a well-established
toxicological profile — its use and inadequate disposal can pose ecological and
environmental problems.’® Surfactants such as cetyltrimethylammonium bromide
(CTAB) and hexadecylamine (HDA) are commonly used in the manufacture of porous

silica particles. These petrochemically-derived compounds pose a high risk to the
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environment and health.””-’® CTAB is listed as H400 by the GHS. HDA is also listed as
H400, with further classification as H410 (very toxic to aquatic life with long lasting
effects). Aside from the toxicity of these compounds, the fact they are derived from
petrochemical resources means they are finite. Most synthetic surfactants are synthesised
from petrochemical feedstocks,”® alkyl silicates such as TEOS are typically produced by

reaction of SiCls with ethanol,®

while ethanol is industrially produced by the acid-
catalysed hydration of ethene, which is a petroleum product.®! Thus, it is clear that the
environmental problems associated with the manufacture of spherical silica particles need
to be addressed. Aside from reducing the environmental impact of silica synthesis,
biomimetic approaches also provide potential economic advantages by reducing and/or
eliminating the need for organic solvents, reducing waste, and simplifying processes by
using less reagents and water-based chemistries.®> Such water-based reactions would
reduce the capital expenditure needed for solvent recovery, while also reducing running
costs as biomimetic silica can be produced under ambient conditions, making for a far
more sustainable and economic processes at-scale. An excellent overview of ecodesign in
silica synthesis is provided by Baccile et al.%* The next sections look at how we can draw

inspiration from the natural biomineralisation process to achieve these economic and

sustainability benefits.

1.4 Natural silica production

Natural silica occurs, of course, in Earth’s crust and rocks but, it is also found in plants
as phytoliths, and is even utilised by certain animals. Animal uses of silica range from the
complex, gene directed layering of proteins and silicates in the shells of certain

molluscs,’*® to the intricate, fragile structures of glass sponges like the Venus flower
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basket,*7 and incredibly diverse microalgae such as diatoms.*®% These applications of
silica are of great interest to science because of the degrees of structural sophistication
achieved through these bottom-up processes. Diatoms provide a particularly intriguing
example of silica biomineralisation. These fascinating single cell creatures, though
seemingly rudimentary, can create visually stunning arrays of intricate structures that even
the most advanced materials science techniques cannot match. These structures are
assembled by diatoms at a variety of scales, from a few nanometres up to several hundred
microns.”® The apparent ease with which these extraordinary creatures are able to create
their cellular structures, acting as a protective shield while they wander the Earth’s rivers

and oceans, makes them especially interesting.

Diatoms are model organisms for studying biomineralisation processes. This is because
the diatom species Thalassiosira pseudonana and Cylindrotheca fusiformis have been
characterised in great detail.”!®> This has enabled a greater understanding of the
mechanisms by which they use biomineralisation to create such intricate structures.”®
Nanofabrication of silica in diatoms occurs under ambient conditions at slightly acidic pH
and results from specific interactions between biomolecules and silicic acid derivitives.”’
Isolation and extraction of biomolecules in 7. pseudonana and C. fusiformis has revealed
some that are directly involved in silica fabrication. Some of the first discovered were
cationically charged proteins called silaffins, all of which are rich in serine and lysine
residues.”® Other important molecules isolated from various diatoms are long-chain
polyamines (LCPAs). These silaffins and LCPAs are species-specific molecules, but both
have been shown to induce rapid silica condensation in vitro.”® All these things — pH,

electrostatic interactions, functional groups, condensation — play important roles in Stéber
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processes too. The compounds that play these roles in diatom biomineralisation have
functional equivalents in Stober processes, though it is often not immediately apparent
that this is so. The critical role to understand is that of the biomolecules. Applying that

knowledge is to key to sustainable silica syntheses using biomolecules.

1.4.1 Specific biomolecules involved in biomineralisation of silica

The unravelling of the mystery behind the complex and intricate structure formation in
diatoms, and other biomineralising creatures, has led to key insights into this process.
Specific biomolecules have been shown to have a direct and integral role in the way these
creatures shape and utilise silica. As we shall see, the underlying principle by which silica
biomineralisation is conducted is not far removed from that of the Stober processes.
Evolution of the biomineralisation process over millennia has adapted and refined it into
an elegant, efficient process. However, there are many lessons that can be learned to

improve our own silica production methods.

1.4.2 Long-chain polyamines

The biomolecules responsible for silica synthesis in species such as diatoms contain
moieties that play a crucial role. As discussed earlier, amine-containing surfactants are
important for controlling condensation and particle morphology, through their structure-
directing activity. The presence of the ammonium cation in the Stdber process is also
critical. These amino compounds are so critical in fact, that without them, spherical silica
is not formed. It is no coincidence then, that amines also play a critical role in the
biomineralisation process. The role they play in biomineralisation is comparable to their
role in Stober processes. In order to draw direct parallels with the Stober processes, the

role these amines play in biomineralisation must first be explored.
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Belton et al.!® studied the effect that different LCPAs had on the polymerisation of silicic
acid. They found that longer chain length, higher degree of methylation, and higher
number of amines on the LCPAs increased the rate of condensation of the silicic acid. The
authors suggest this was due to the ability of the polyamines to form microemulsions
while carrying a positive charge, which provides a water-free microenvironment where
the removal of water from the condensation reactions provides the driving force for the

proton donor/acceptor condensation mechanism (outlined in Scheme 1.3)

The reason for this increase in kinetic activity is related to emulsion-forming ability of the
LCPAs. This ability is directly related to how effective the amines are at preventing
aggregation of the forming silica by controlling the condensation of the precursors
through electrostatic interactions. They investigated the emulsion stability of the LCPAs
and found that stability decreased as number of amines and amine spacing along the
molecular chain decreased. Resistance to localised charging is greater when the number
of amines along the molecular chain increases and their proximity decreases. This
enhances the hydrophobic character of the LCPAs, thus increasing their emulsion
stability. The silica can them form inside the polyamine microemulsion, which increases
the condensation rate due to the hydrophobic environment providing a driving force for

water removal.

Kroger et al.*”” isolated LCPAs from N. angularis and studied their morphological control
of particles formed upon condensation of silicic acid. They found that LCPAs with longer
chain lengths resulted in particles of 800 nm — 1 um, while shorter chain length resulted
in particles of 100 — 200 nm. While no explanation is given by the author for this

difference in particle size, it is likely that it is due to the enhanced condensation rates
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associated with longer chain length polyamines, as described above. An increased
condensation rate would favour the formation of larger particles. Thus, silica particle size
will increase with increasing chain length. Mizutani et al.'?! studied the catalytic effect of
amines on the polymerisation of silicic acid. They found that polyamines increased
polymerisation rate more so than linear amines, which had a moderate effect.
Monoamines had very little effect on the polymerisation rate, while in the absence of an
amine catalyst, no polymerisation occurred. The mechanism by which these amines
catalyse biogenic silica polymerisation is still not clear. Some studies suggest that the
process is driven by electrostatic interactions between the silica precursor and the
positively charged amine groups.!?>!%® Depending on the proximity of amines and their
chain length, at near-neutral pH, different degrees of positive charge exist on the amines.
These positive charges can then interact electrostatically with the negatively charged
oligomeric silicate species, bringing them in close enough contact such that
polymerisation takes place. This would explain why the monoamines had little effect on
the polymerisation rate. Monoamines can only electrostatically interact with one silicate
species at a time, whereas polyamines can interact with multiple, bringing them in closer

proximity and facilitating polymerisation.

However, this amine-silicate interaction may proceed by a chemical mechanism also.
Delak et al.'® studied the effect of different length polyamines on the dimerisation of
trimethylethoxysilane (TMES) — a silica precursor in which only the ethoxy bond is labile.
This is significant because at pH 5.5, as used in the study, close to the pH at which
biogenic silica forms, TMES is neutral. Furthermore, the intermediate product

tetratmethylsilanol, is also neutral at this pH (pKa = 12.7). This means that electrostatic
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interactions cannot form the basis of the catalytic activity of these polyamines in this
system. The authors propose instead that the catalytic mechanism proceeds via chemical
reaction, in which a pentacoordinate intermediate is formed by nucleophilic attack of
TMES by the amine. In this pentacoordinate system, the ethoxy bond of TMES is more
labile and thus more susceptible to hydrolysis. Further attack by water with a transition
through a hexacoordinate intermediate, followed by a condensation step proceeding
through an Sn2 mechanism leads to dimerisation. While this mechanism is plausible, and
under the conditions of this specific system, likely, it is not representative of the
conditions of biogenic silica formation. The usual form of naturally occurring silica is
silicates, in which the silicon is bonded to oxygen.!% Therefore, naturally occurring silica
species are likely negatively charged at slightly acidic pH (pKa of silicic acid = 9.8), due
to silanol group deprotonation or the facile hydrolysis of labile bonds, and because of this,
electrostatic interactions cannot be negated. However, there is no reason to assume that
the electrostatic and chemical mechanisms contributing to polyamine catalytic activity in
this context are mutually exclusive. Both mechanisms may occur together, though it

remains uncertain.

1.4.3 Amino acids and peptides

Following on from the work with LCPAs, other biomolecules identified in the
biomineralisation process were studied. Species-specific proteins, such as silaffins and
silacidins, were isolated.!?*!% Owing to the complex nature of interactions present in the
natural system, iterative investigations starting from simple molecules were carried out.
The amino acids serine, lysine, proline, aspartic acid, and their homopeptides were shown

to induce silicic acid polymerisation and condensation.!?” It was shown that the peptides
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had a more pronounced effect than their corresponding amino acids in the polymerisation
process. At low pH (4 — 7), the oligomeric silica species are negatively charged.'®
Depending on their pKa and pKb values, the amine and carboxylic acid groups of the
peptides are likely positively and negatively charged, respectively. Thus, the interaction
between the peptides and silica species are predominately through electrostatic
interactions via the protonated amine groups. This is analogous to the Stober process in

which the ammonia plays a morphological catalyst role.

To probe this further, different chain lengths of poly-lysine and poly-arginine were
investigated.!” Again, it was shown that the positively charged amine groups of the
polypeptides play a key role in the polymerisation and condensation process. Increasing
the chain length of the polypeptides increased the rate of precipitation. This suggests that
having more positively charged amine groups along a chain allows the negatively charged
oligomeric silica precursors to be in close enough proximity for polymerisation to occur.
Of course, other interactions such as hydrogen bonding may also play a key role. The
overall result is that the electrostatic interactions help anchor the silica species and allow

polymerisation and condensation.

It 1s clear that carboxyl and amino groups play a key role in silica polymerisation by
bringing the oligomeric silica species in close enough proximity for condensation to
occur. This is similar to mechanism of the Stober processes discussed in sections 1.2.3
and 1.2.4. However, prior to polymerisation, nucleation must occur. Nucleation is the
dimerisation of the silica precursor, which begins the process of polymerisation. Wallace
et al.''” studied the effects of carboxyl-terminated surfaces and amine-terminated surfaces

on silica nucleation. They found that carboxyl-terminated surfaces were able to induce
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silica nucleation under ambient conditions and at slightly acidic pH. In contrast, amine-
terminated surfaces failed to induce silica nucleation under identical conditions. This is in
contrast to the above studies on polymerisation, where the amine groups were more
actively involved than the carboxyl groups. However, it seems during nucleation, the
amine groups by themselves have little influence. Interestingly, when combining both
carboxyl- and amine-terminated surfaces, it was found that the silica nucleation rate was
18x faster than carboxyl-terminated surface alone. This observation can be explained by
the charge relay effect commonly seen in the active site of some enzymes. Many
biomolecules such as enzymes and proteins contain what is referred to as a catalytic triad,
containing three main components: acid, base, and nucleophile.!!! This triad forms the
basis of the charge relay effect. In this mechanism, the base residue is activated due to
polarisation from the acid residue, which is in close proximity. Once the base residue is
polarised, it in turn activates the nucleophile. The activation of the nucleophile is as a
result of the catalytic triad acting synergistically to lower the pKa of the nucleophile.!!?
As outlined in the next paragraph, this mechanism may explain why peptides and the
combined carboxyl- and amine-terminated surfaces have such an influence on the silica

nucleation and polymerisation rate.

To investigate the charge relay effect and its influence on silica nucleation and
polymerisation, Kuno et al.''* synthesised different combinations of polypeptides using
lysine (K), histidine (H), and aspartic acid (D). Homopolypeptides (Ko and Hio), block
polypeptides (KsDs and HsDs), and alternate polypeptides [(KD)s and (HD)s] were used
to test how individual polypeptide chains and combinations of peptides affect the

nucleation and polymerisation of trimethyethoxysilane. The homopolypeptides had the
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lowest catalytic activity, the block polypeptides showed around 8 — 9 % higher catalytic
activity than the homopolypeptides, while the alternate polypeptides showed the highest
catalytic activity which was around 11 % higher than the homopolypeptides. These results
show strong evidence for the charge relay effect. In the block polypeptides, KsDs and
HsDs, only one amino acid group is adjacent to one carboxylic acid group, whereas in the
alternate polypeptides, (KD)s and (HD)s, each amino acid group is adjacent to one
carboxylic acid group. This increased catalytic activity with neighbouring amino and
carboxyl groups is what Wallace et al. also observed in their study. Scheme 1.2 shows a
simplified mechanism by which this process takes place with silicic acid. The carboxyl
groups act as the acid which activates the amine group by deprotonation, which increases
the electron density around the amine. The amine group therefore has more nucleophilic
character and promotes the nucleation and polymerisation of silica as shown. Further
confirmation of the importance of the charge relay effect on silica polymerisation is
provided by Murai et al.!'* who studied the peptides Ser-His-Glu (SHE) and Val-His-Val-
Glu-Val-Ser (VHVEVS) and their influence on the nucleation and polymerisation of
trimethylethoxysilane. The secondary structure of SHE was found to be a random coil,
while that of VHVEVS was found to be a B-sheet. This B-sheet conformation was found
to increase the catalytic activity of VHVEVS by bringing the His and Glu residues into
close proximity to enable the charge relay mechanism. Monolithic silica structures were
prepared with both peptides, but the surface of the silica prepared with VHVEVS was
smooth, while the surface of the silica prepared with SHE was rough. This indicates that
the B-sheet conformation of VHVEVS exerts increased morphological control over the

polymerisation process. Thus, the presence of LCPAs and peptides, and their
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conformation, in silica-synthesising organisms has a major influence on the rate at which

silica nucleation and polymerisation occurs and the morphology of the final structure.
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Scheme 1.2 Charge relay effect in biosilica synthesis. Here the peptide chain of the
biopolymer has amino and carboxyl groups in close proximity, which is the case for many
biopolymers. The oxygen of the carboxyl group hydrogen bonds to the hydrogen of the
amino acid group. This pulls electron density away from the nitrogen. The lone pair on
the nitrogen then activates the nucleophile, in this case a silicic acid molecule. This starts
the condensation process. The silicic acid monomers condense to form a siloxane network
which results in the formation of silica. The biopolymer can also act as an SDA, which
can promote the formation of spherical silica particles, represented here by the grey
sphere.

1.4.4 Silaffins

One of the most intensely studied diatom species is C. fusiformis. This species, like many
other diatoms, uses silica to make elaborate, visually arresting silicate cell walls. Pelagic
sediment on the ocean floor, made up of these tiny creatures, provides a large source of

bio-essential silica in the marine environment and contributes heavily to the oceanic silica
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cycle. This silica cycle plays an important role in global climate regulation through the

carbonate-silicate cycle,'!®

showing that, while these creatures may be tiny, they have a
global impact. Another recently solved mystery is how these diatoms exerts such fine
control over the silica biomineralisation process. Silaffin proteins — polycationic peptides
— were first discovered upon isolation from C. fusiformis.!'® These silaffins are
responsible for the intricate and complex silica structures in the cell wall of C. fusiformis.
Initially, silaffin-1A, silaffin-1B, and silaffin-2 were classified.!!” Named for their affinity
for silica, these silaffins are highly associated with the cell wall structures of the diatoms.
In order to isolate these initially, HF extraction was used. Subsequent extraction with
ammonium fluoride, which does not remove amino acid modification, lead to the
identification of the native silaffins; natSil-1A and natSil-1B.'% Characterisation of these
native silaffin proteins revealed extensive post-translational modification with the serine
residues phosphorylated and the lysine residues modified with LCPAs.!%%!!® Other amino
acid residues may play a role in silica synthesis via the charge relay effect, mentioned
previously. The interaction of post-translationally modified proteins and polypeptides
with oligomeric silica species occurs in silica deposition vehicles (SDVs). SDVs are
structures present in diatoms, as well as other organisms,'!” that mediate the growth of
biogenic silica by controlling the hydrolysis and condensation of silicic acid, which
proceeds in a similar way to the hydrolysis and condensation of TEOS.!?® A key similarity
between silaffins and CTAB, which is used in the modified-Stober process, is the presence
of quaternary ammonium ions. These are well known to be effective structure directing

1

agents in the synthesis of zeolites and spherical silica,'?! where longer chain

alkylammonium ions, i.e., more hydrophobic molecules, showed excellent structure
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directing activity. As mentioned previously, CTAB, a quaternary ammonium surfactant,
is used extensively in silica synthesis due to its structure directing activity. Figure 1.5
shows the structure of a silaffin isolated from C. fusiformis, which contains numerous
quaternary ammonium groups. These groups are analogous to the structure of CTAB
which is the SDA in modified-Stéber syntheses. In fact, silaffins isolated from diatoms
have been shown to induce silica polymerisation under acidic conditions in vitro.”®1%
Thus, this natural biomineralisation process and the Stober processes are directly
analogous. It seems nature has already evolved molecules capable of creating complex

hierarchical silica structures. The challenge now is for materials scientists to capitalise on

this knowledge to improve synthesis methods for materials such as silica.
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Figure 1.5 Chemical structure of native silaffin-1A4; from C. fusiformis. Reproduced from
Kroger et al.'%
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1.5 Bridging the gap — connecting Stober to Nature

1.5.1 Biopolymer physicochemical characteristics key to spherical silica

synthesis

We have seen how the extraordinary creatures like diatoms are able to create complex
silica structures using specific biomolecules under ambient temperature and pH and how
it relates closely to Stober processes. The key features of these biomolecules responsible
for silica biomineralisation, such as the presence of long-chain polyamines (LCPAs) and
peptides, the charge relay effect, and electrostatic interactions, are strikingly similar to
how spherical silica particles are formed in Stober processes. Long-chain quaternary
ammonium surfactants, like CTAB, promote the polymerisation and condensation of
silica precursors through similar interactions. The following sections will look more
closely at biomolecules that are not specific to the in vivo biomineralisation process, but
contain physicochemical characteristics akin to them, and so could be used in the
formation of spherical silica particles. Thus, even though the way in which traditional
silica (Stober and modified-Stober) and biogenic silica is made is different, the underlying
processes of hydrolysis and condensation, and particle growth are very similar.
Amphiphilicity

An important property of many SDAs is their amphiphilicity. Surfactants like CTAB
contain a hydrophilic headgroup in the form of a quaternary ammonium cation and a
hydrophobic tail group in the form of a long carbon chain. These physical characteristics
allow CTAB to form micelles in solution which play a crucial role in forming spherical
silica (see sections 1.2.3 and 1.2.4). Any biopolymer replacement for CTAB should also
have this structure-directing facility.
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In food technology, water-in-oil (w/0) and oil-in-water (o/w) emulsions are routinely
stabilised by biopolymers in order to create new foods and drinks. Emulsifiers are a
specific class of surfactants and what makes emulsifiers effective is that they are
amphiphilic, which helps to lower the interfacial tension and facilitate smaller droplet
sizes.'”? Commonly used emulsifiers include soy lecithin and sodium caseinate.
Amphiphilic biopolymers typically contain large hydrocarbon chains and ionic moieties
such as carboxylates and ammoniums. As discussed earlier in sections 1.2.3 and 1.2.4,
CTAB, which is also amphiphilic, helps control particle morphogenesis through
electrostatic interactions. This electrostatic interaction is the key to forming spherical
particles when using surfactants such as CTAB. Electrostatic interactions between CTAB
and the oligomeric silica species form the basis of the morphological control that is
achieved. The amphiphilic nature of certain biopolymers should also provide this control,
provided the other physicochemical characteristics, discussed next, are present.

Charge relay effect

As we have seen from the studies discussed earlier, the presence of a catalytic triad,
enabling the charge relay effect, has a great effect on the silica nucleation and
polymerisation rate. The presence of adjacent carboxyl and amino groups along a peptide
chain of a biopolymer, together with the presence of a silica precursor, can activate and
promote the nucleation and polymerisation of silica. In fact, the charge relay effect has
been exploited in biocatalysis due to this catalytic behaviour.!?*"1?® Biomolecules which
contain polypeptide chains are ideal candidates to act as SDAs in silica synthesis due to

the presence of adjacent carboxyl and amino groups.
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Polyamines

While the presence of LCPAs found in diatoms have been shown to play an integral role
in silica biomineralisation, studies have shown that shorter chain polyamines can provide
morphological control over silica polymerisation. Some of the LCPAs isolated from
diatoms have complex molecular structures which can make in vitro replication difficult.
Thus, if shorter chain polyamines are shown to behave in a similar way to LCPAs, it
would simplify biomimetic silica production. The studies mentioned previously isolated
biomolecules from diatoms which were subsequently shown to play a key role in the
polymerisation and condensation of silicic acid. Since then there have been a few limited

studies trying to replicate this process biomimetically.

Menzel et al.'?’

studied the effects polyamines with different lengths and branching had
on silicic acid condensation. They found that diaminoethane and 1,3-diaminopropane
accelerated the condensation of silicic acid the most. As the chain length of the polyamine
increases the accelerating effect decreases. Linear polypropylene imine (PPI) had less of
an effect on accelerating the condensation reaction that linear polyethylene imine (PEI).
The methylated (branched) variants, PMPI and PMEI, both showed similar effects and

did not accelerate the reaction as much as the non-branched variants. In the absence of

any amine, the condensation reaction was the slowest.

It is clear from this study that polyamines speed up the condensation of silicic acid, with
shorter, unbranched polyamines accelerating the reaction more than longer, branched
polyamines, which indicates branching has a retarding effect. A faster condensation rate
could promote particle growth. 212 Other work probing whether this is the case was done

by Belton et al,'*® who studied naturally occurring polyamines — spermidine and
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spermine — along with a series of linear ethyleneamine homologues. The chain length and
number of amines on the homologues increased stepwise, from ethylenediamine up to
pentacthylenehexamine. They found that the smaller chain length polyamines showed no
distinct spherical silica structures. However, as the chain length and number of amines
increased, somewhat more spherical and distinct particles were produced. Interestingly
though, spermidine produced larger particles than spermine, which has a longer chain
length and an extra amine. The aggregation rate of the particles was also found to
generally increase with increasing chain length and number of amines, with more

pronounced increases for tetraethylenpentamine and pentaethylenehexamine.

As mentioned previously, the interaction of amines, for example quaternary ammonium
groups, is important for the controlled condensation and growth of spherical silica. The
authors point out that at near neutral pH about 50% of the silanol groups on the surface of
the forming particles are deprotonated, i.e., every second silanol is negatively charged.
Therefore, the atomic distance between these deprotonated silanols is ca. 5.4 A. The inter-
amine distance of ethylenediamine is 3.9 A. Thus, ethylenediamine is unable to bridge the
gap between two deprotonated silanols, which would shield and stabilise the surface to
prevent uncontrolled aggregation. As chain length and the distance between, and amount
of, amines increases, this gap is easily bridged, and the amines form a surface layer on the
nascent silica particles. However, at near neutral pH, not all of the amines on the
polyamines are charged due to their close proximity, which increases the resistance of
neighbouring amines to become charged. This can provide a mechanism for controlled
growth of the silica particles. These amines are still weakly basic and can promote silica

condensation. Scheme 1.3 shows a simplified mechanism by which this takes place. The
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polyamine, which is representative of those found in biomineralisation proteins (see
Figure 1.5), clectrostatically interacts with the silica surface through its quaternary
ammonium groups. This brings the polyamine molecule close enough to the surface to
allow the uncharged amines to deprotonate a silanol, which then attacks free silicic acid
via an Sn2 mechanism. This process continues, adding more silicate to the surface, and
the particles grow in a controlled manner. The parallels between this mechanism and the
mechanism of action of surfactants like CTAB in the modified-Stober process is striking.
Both processes are heavily reliant on the length of the SDA — polyamine or CTAB — and

the electrostatic interaction between them and the silica surface.
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Scheme 1.3 Simplified mechanism of silica particle growth in the presence of polyamines.
Polyamine is attracted to the silica surface electrostatically (represented by dashed line).
(i) Lone pair of electrons on uncharged amine deprotonates a silanol in close proximity.
(ii) This deprotonated silanol attacks a free silicic acid molecule via Sn2 mechanism, with
OH" as the leaving group. The OH" then attacks the protonated amine group, releasing
water and reforming the uncharged amine. (iii.) Silicic acid derivative is attached to the
surface. The process repeats, adding more silicate to the surface and the particle grows.
Image on lower right represents this surface growth. Dark grey is the original particle,
light grey is additional silica added by growth process. Dashed line around particle
illustrates an increased diameter.
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This mediation of particle growth is key to forming spherical silica particles. The strong
parallel between the natural biomineralisation process and the Stober silica processes can
enable the use of naturally occurring biomolecules that possess the physicochemical
properties described above. This provides the possibility of designing a more sustainable
process for synthesising silica at an industrial scale — one which uses environmentally
benign, non-toxic, and renewable reagents. Biomolecules fulfil the sustainability aspect,
and certain biomolecules possess the physicochemical properties required to control silica
condensation and growth. Some limited work has been done investigating the effect of

such biomolecules on silica condensation and growth.

1.5.2 Biopolymer sources

As discussed previously, the physicochemical characteristics of biopolymers can promote
the polymerisation, and control the condensation, of spherical silica. The presence of
polyamine and carboxylic acid groups in biopolymers can increase the nucleation and
polymerisation rate of silica through the charge relay effect. Their amphiphilicity can
prevent aggregation of nanomaterials by absorbing onto their surface during growth.
These properties can bring together the advantages of Stober processes — facile production
of spherical silica — and biomineralisation processes, which provides a sustainable way to
produce spherical silica. One of the key advantages of using biopolymers as SDAs over
petrochemical surfactants like CTAB is that they are renewable, biodegradable, and

readily available from sustainable sources.

Biopolymers originate in living organisms and are a key class of molecules which fulfil
the criteria described by the Green Chemistry concept. Biopolymers are also renewable.
By contrast, most current industrial polymers are petrochemicals, i.e. they are derived
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from an infamously finite, environmentally damaging source — crude oil. The vast
majority biopolymers are available from a variety of natural, renewable sources, and a
small but growing percentage are produced through various biotechnological methods.
An attractive feature of many biopolymers is their biodegradability.'*! This is preferable
because it mitigates, or completely solves, the issue of persistence of plastic waste in the

environment, 32133

Many of the sources of biopolymers are forms of biomass like sugars and starch. But first-
generation sources are associated with increased food costs and deforestation because they
compete with food production resources.!** As such, these biopolymer sources cannot
realistically be recommended as a solution to industrial production sustainability issues.
However, there are some first-generation sources, such as algae, that do not require arable
land or freshwater for cultivation and are not currently a major food source. Algae are
already a promising source of biofuels for the same reasons.'*> Second-generation
biopolymer sources are typically waste streams. These are an immediately superior
candidate source of biopolymers as the use of wastes is an inherently more sustainable
practice. For example, chicken feathers, a by-product of the poultry industry, can be used
as a source of highly utilitarian keratins.'*® Casein, a major component of waste streams
from milk production and spoilage, can be extracted and used in food technology and
textiles.!*”!138 This valorisation of waste streams greatly improves the sustainability,
economically and environmentally, of these sources compared to first generation
feedstocks. The next sections look at the limited work that has been done utilising such

sustainable biopolymers with the aim of synthesising silica in a biomimetic way.
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1.5.3 Synthesising spherical silica particles with biopolymers

The knowledge garnered from studying silica biomineralising creatures such as diatoms
has provided opportunities to create biomimetic silica in a sustainable way. The key
physicochemical characteristics that have been shown to be crucial for controlling silica
nucleation and polymerisation in biomineralisation can be adapted and used to improve
the Stober processes. The presence of adjacent amino and carboxyl groups to promote the
charge relay effect, the presence of quaternary ammonium groups and their electrostatic
interaction with oligomeric silica species, and amphiphilicity, are all key physicochemical
attributes that are needed if a biopolymer is to promote and control silica nucleation and
polymerisation. Furthermore, synthesis of biomimetic silica with these biopolymers under
ambient conditions of temperature and pH vastly increases the sustainability of the
process compared to the traditional Stober processes. There has been little work on using
these kinds of biopolymers to synthesise silica. However, there is evidence that it can be

achieved.

Biopolymers as SDAs for spherical silica

There is evidence in the literature that biopolymers can be used to effectively direct the
formation of spherical particles in nucleation and growth processes. Biopolymer SDAs
have been successfully used to control the morphogenesis of iron oxide, silver, and gold
nanoparticles. For example, iron oxide nanoparticles have been synthesised with a variety
of different biopolymers. The polysaccharide dextran has been used to control the
morphology and size of the iron oxide particles.!** 4! Dextran interacts with the iron
oxide surface through chelation and hydrogen bonding, with the strength of the hydrogen

bonding increasing with chain length of dextran.'*? Alginate has also been used to
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synthesise iron oxide particles.!**»!** Alginate has many carboxyl groups which complex
to the iron ions enabling mediation of particle growth.'* Silver nanoparticles have also
been produced using biopolymers such as starch as stabilising, and structure-control,
agents.'#-1%8 Starch contains many hydroxyl groups which have good metal complexation
properties and enable the morphological and size control of the silver nanoparticles.'*’
Gold nanoparticles have been prepared using chitosan as the stabilising agent.!**152 The
polyelectrolyte properties of chitosan stabilise the gold nanoparticles through electrostatic
interactions.!> It is clear from these studies that biopolymers can readily control and
stabilise the growth of nanomaterials. However, using biopolymers to synthesise
monodisperse spherical silica nanoparticles has scarcely been explored. Applying the
knowledge of the physicochemical properties required for biomineralisation and the
structure-directing ability of some biopolymers in producing nanomaterials can bridge the

gap between these similar processes.

There is some evidence that biopolymers can also act as an SDA in the synthesis of
spherical silica. Coradin et al.'® studied the effects of bovine serum albumin (BSA) and
lysozyme on sodium silicate solutions. Lysozyme, a small enzyme, and BSA, a large
protein, contain high percentages of acidic and basic groups such as lysine and aspartic
acid. The ratio of amino acids-to-silica was used to compare the reactivity of both
proteins. They found that under different respective pH, lysozyme and BSA were able to
induce silica condensation. The formed solids were shown to have an interspersed
network of protein and silica. This suggests that the interaction of protein and silicate is
important for condensation. At pH 7.2, lysozyme is positively charged and interacts

electrostatically with the negatively charged silicate species to induce condensation. At
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this pH, BSA is negatively charged and no silica was formed, highlighting the importance
of electrostatic interactions in silica formation. At pH 4.7, where BSA is positively
charged, silica formation occurred. Surprisingly, even though lysozyme is also positively
charged at this pH, no silica formation occurred. At this pH, the lysine groups of lysozyme
are fully protonated, reducing its net positive charge. Further, at this acidic pH, the
oligomeric silicate species are less negatively charged. Thus the overall result is a weaker
electrostatic interaction between lysozyme and the silicate species. This further highlights
the importance of electrostatic interactions between proteins and silica precursors in silica
formation. This becomes a key consideration when using proteins to form spherical silica
particles. (It can be argued that the charge relay effect is, at least partially, responsible for

this influence.)

Another study by Coradin et al.'>* looked at the influence of gelatin on silica formation.
Different concentrations of gelatin and sodium silicate were tested and the morphology
of the silica was characterised. They found that at the concentrations studied, silica
precipitation occurred. However, at higher gelatin concentration, silica nanoparticles
became embedded in the polymer network. The influence of gelatin on the size and shape
of these nanoparticles was studied at pH 5 and pH 7. At pH 7, highly agglomerated silica
particles were observed. At pH 5, less agglomerated, slightly spherical silica particles
were observed. As mentioned previously, at pH 7, the oligomeric silicate species bear
high negative charges, which increases the electrostatic interaction between them and the
gelatin. In fact this study showed via thermogravimetric analysis that at pH 7, the silicate
species bind twice as much gelatin as at pH 5. In this case though, this means that the

gelatin lost its structure-directing ability and a composite precipitate with highly
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agglomerated silica particles is produced. The presence of more well-defined silica
nanoparticles at pH 5 however is explained by the authors in terms of a stabilising effect
of gelatin. They posit that negative charges on the carboxylate groups in the side chain of
gelatin allow particle growth to proceed without aggregation of the particles. Sodium ions
could prevent particle growth by stabilising surface charge. It is suggested that the
carboxylate groups of the gelatin interact with the sodium ions preventing this. The fact
that larger, less agglomerated particles are produced at pH 5, while smaller, aggregated
particles are produced at pH 7 suggests this theory might be correct. In any case the
electrostatic interactions between the biopolymer and silicate species is crucial in

determining the final size and morphology of the final silica particles.

Probing the use of biopolymers to catalyse and control silica polymerisation, Demadis et
al.'> studied the influence of chitosan-based biopolymers phosphonomethylated chitosan
(PCH), polyethyleneimine (PEI), and carboxymethylinulin (CMI) on solutions of sodium
silicate at neutral pH. In this case, the biopolymers were chosen due to their
physicochemical similarities to silaffins. The cationic polyamine and anionic phosphate
groups are the main similarities, and as discussed earlier have been shown to be highly
influential on the silica polymerisation process. However, the focus of this study was to
understand the inhibitory effects these biopolymers have on the condensation process. For
diatoms to form their hierarchical silica structures, a supply of dissolved silicon must be
present. In the waters of Earth’s oceans and rivers, there are vanishingly small quantities
of dissolved silicon — far lower than the levels needed by diatoms to make their ornate
siliceous cell walls. To solve this issue, diatoms have evolved a means of supersaturating

silica within themselves, ensuring adequate supply for biomineralisation.''® The diatoms
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achieve this by inhibiting the condensation of silicic acid prior to its use in silica
deposition vehicles to form the silica structures.!*® This inhibitory effect is achieved by

electrostatic and/or H-bonding interactions between biopolymers and silicic acid.

In the above study, PCH contains protonated amines, PEI contains protonated polyamines,
while CMI is anionic. The inhibitory effect of these biopolymers was tested over 72 hrs
at various concentrations. While PEI and PCH individually, and together, showed good
inhibitory effects towards silica condensation, CMI had less of an effect due to its anionic
nature. However, in all cases, the inhibitory effects of the biopolymers could not prevent
the condensation of silicic acid, instead the differing degrees of retardation resulted in
structural differences in the silica precipitates. At 40 ppm and 150 ppm PCH, the
morphology of the particles is quasi-spherical with size ranging between 300 — 500 nm
after 72 hrs of growth, eventually forming aggregates ca. 2 um after 4 weeks. At 20 ppm
PEI, which showed comparable inhibitory effects to 40 ppm PCH, the particles were
larger. PEI contains polyamine chains, which can mediate particle growth as shown in
Scheme 1.3. PCH does not contain these polyamine chains, which may explain the
difference in particle size. A combination of 20 ppm PEI and 40 ppm PCH resulted in

particles of 150 — 200 nm in size.

Although the authors point out that no synergistic effect between PCH and PEI occurs in
relation to the inhibition of silicic acid polymerisation, it seems there is one for particle
growth. Smaller more spherical particles are formed with PEI and PCH in combination,
as opposed to quasi-spherical with PCH alone, or larger particles with PEI alone. A
combination of PCH and CMI results in the formation of aggregated spherical particles,

while increasing the concentration of CMI results in even larger aggregates.
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Further evidence for the importance of electrostatic interactions between biopolymers and

silicate is given by Gautier et al. '’

, who studied the effects of cationic gelatin and anionic
alginic acid on sodium silicate polymerisation at pH 5. They found that with only alginate
present, no silica is formed unless left for an extended period. In which case, a composite
is formed with a small amount of alginate incorporated into the silica network. However,
sodium silicate is known to polymerise in acidic solution and the small amount of alginate
incorporated into the silica network could be explained by very weak interactions between
the alginate and anionic silicate species. When cationic gelatin is added along with
alginate, silica polymerisation occurs rapidly. The electrostatic interaction between
gelatin and the silicate species brings the polypeptide chain of the gelatin in close enough
proximity to induce silica polymerisation. As discussed earlier, the studies by Wallace et
al.'!% and Kuno et al.''® show that having carboxyl and amine groups in close proximity,

as they are in peptides, along with alternating groups of polypeptides, greatly increases

catalytic activity of the biopolymer.

While these studies are excellent examples of using the knowledge gleaned from the
biomineralisation process to synthesise silica in vitro, the resulting silica is not
comparable to that produced in Stober processes. Aggregation and lack of sphericity,
parameters easily controlled in Stober processes, means there is still some way to go until
biomimetic silica achieves parity with Stober processes. Table 1.1 shows a comparison
of the silica formed when using various biomolecules in a biomimetic synthesis. In all
cases, silica was formed, however, the morphology was either non-spherical,

agglomerated, or both.
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Table 1.1 Comparison of different biopolymer SDAs and their influence on silica
morphology.

SDA? Particle Size Morphology Refs.
(nm)
BSA/lysozyme 50 —200/ Non-spherical [108]
non-spherical

Lysine/arginine <100 Non-spherical/agglomerated [109]
Gelatin 50 -300 Non-spherical [154]
PCH 300 - 2000 Non-spherical [155]

PEI

CMI
Gelatin/alginic acid 10 -50 Non-spherical/agglomerated [157]
Gelatin Non-spherical Non-spherical [158]

iSDA,  structure-directing  agent; BSA, bovine serum albumin, PCH,
phosphonomethylated chitosan; PEI, polyethyleneimine; CMI, carboxymethylinulin.

It is clear from the above studies that the physicochemical properties of the biopolymers
plays an important role in the formation of spherical silica particles. Depending on the
functionality present in a given biopolymer, condensation rate can be affected (inhibited
or promoted), as can morphological control exerted on the forming particles. Therefore,
it is imperative that biopolymers with potential to act as an SDA in spherical silica
syntheses have physicochemical properties which promote condensation while also

maximising morphological control.

Ideal biopolymer SDA candidates

Here we highlight some biopolymer candidates which, based on the physicochemical
characteristics described previously, show potential to be used as SDAs in the synthesis
of spherical silica. The studies described in the previous section, which used biopolymers
as an SDA to produce silica, produced non-spherical or agglomerated particles. To
compete with the established Stober processes, a biopolymer SDA needs to be able to

create discrete spherical particles with acceptable size-monodispersity. Ideal biomolecule
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SDA candidates need to meet all the criteria described in the previous sections in order to
achieve this goal. We have identified two candidates that fulfil these criteria — casein and

lecithin.

Caseins

The majority protein component of milk is a family of phosphoproteins called casein.
Differing primary structure and degrees of phosphorylation give rise to four distinct types,
asi-, Os2-, B-, and k-casein. The caseins contain relatively high levels of the amino acid
proline and as such generally lack secondary and tertiary structures, which results in high
surface hydrophobicity, owing to their hydrophobic residues being exposed.'” The
caseins adopt an association complex in milk often termed casein micelles. These casein
micelles are not fully analogous to traditional surfactant micelles which form reversible
and ordered aggregates. Early spectroscopic data suggested casein had a random coil
structure.'®® Later, Holt et al. ' performed sequence alignment procedures on casein and
described the protein as having a dynamic structure and called it a rheomorphic protein.

It is well know that casein is a transporter of calcium and phosphate!?

. Calcium phosphate
nanoclusters interact with the casein micelle and bind primarily to the phospheryl residues
of the proteins. Studies by McMahon et al.'® show that these calcium phosphate
nanoclusters play an integral part in the casein micelle synthesis and subsequent
stabilisation. Another contributing factor to the stability of the casein micelle is the
presence of k-casein on the surface. According to Holt et al,'** the C-terminal
macropeptides of some of the k-casein molecules form a negatively charged diffuse outer

layer on the surface. This makes the surface hydrophilic and also prevents micelle

aggregation, while the interior of the casein micelle is hydrated.!%> Caseins structure is
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made up of a variety of amino acid residues, with many carboxyl and amino groups
adjacent to each other.!*® The amphiphilic nature of casein along with its adjacent
carboxyl and amino groups, which enable the charge relay effect detailed earlier, make
casein an ideal candidate to function as an SDA in silica polymerisation. Sodium caseinate
is a common form of casein which is often used in food manufacturing as an additive for
its high protein content. It is produced by acid precipitation and resuspension under
alkaline conditions. During this process the calcium phosphate is removed, which leads
to the destabilisation of the casein micelles, resulting in individual caseinate molecules or
small aggregates.'®® However, reintroduction of calcium can reform and stabilise the
casein micelle.!%> Another, more promising, source of casein is from milk wastes
generated dairy and milk processing.!¢”!®® This casein-containing waste is a more
sustainable source of casein. Valorisation of waste-streams is a key tenet of the circular
economy and use of such casein in spherical silica synthesis fulfils the requirements for

sustainable SDAs detailed earlier.

A lot of the work involving sodium caseinate/casein has focused on its emulsifying
properties. This surfactant-type property of proteins is due to their amphiphilic nature and
it enables the stabilising of oil-in-water system which are common in many food products.
Aside from this, casein is an ideal candidate to act as an SDA in the synthesis of spherical
silica due to its micelle-forming ability and also the presence of amino and carboxyl
groups in its peptide chain, all key properties that have been deemed essential in creating

spherical silica.

While the literature provides some examples of casein being used in somewhat of an SDA

role in synthesising nanocomposite particles, there are no reports of casein being used
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solely as an SDA in synthesising discreet spherical silica particles. However, there is no
reason that insights gathered from these studies on nanocomposites cannot be transferred
into spherical silica synthesis. Xu et al'® produced core-shell casein-silica
nanocomposites using caprolactam-modified casein, polyacrylate, and TEOS. The
emulsifying properties of casein were exploited to solvate and stabilise the hydrophobic
acrylate monomers. Addition of an initiator, which starts the polymerisation of the
acrylate, and TEOS allows for a double in situ preparation of the core-shell casein silica
nanocomposite particles. The resultant particles had a spherical morphology, meaning that
the polymerisation of the acrylate and TEOS occurred in a controlled manner. The FTIR
spectrum of the casein showed large intensity peaks for both amine and carboxyl groups,

which, as we have seen, is essential for SDA activity.

Further evidence for the potential of casein to act as an SDA in silica synthesis is provided
by Ma et al.'’® who also prepared core-shell casein silica nanocomposites. The procedure
was similar to that of Xu et al. where the casein was modified with caprolactam followed
by subsequent in situ polymerisation of TEOS and acrylate, resulting in the formation of
spherical nanocomposite particles. Again, the polymerisation was controlled by the action
of casein. Thus, the micelle-forming ability, along with the presence of amino and
carboxyl groups, of casein can be used to direct and control the polymerisation of silica.
In fact, there is evidence to support the specific interaction of the peptide chains of casein
with silica. Tiberg et al.'”" used neutron reflectometry to study the adsorption of B-casein
on the surface of silica and suggested that a positive charge surplus in the hydrophobic
domain of B-casein may electrostatically interact with the negatively charged silica

surface, facilitating adsorption. They also note that hydrophobic and hydrogen bonding
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may also play a role in this adsorption behaviour. This coupled with the micelle-forming
ability of casein, and the charge relay effect promoted by the presence of adjacent amino
and carboxyl groups on the peptide chain, make casein an ideal candidate for use as an

SDA in spherical silica synthesis.

Lecithin

Lecithin is a mixture of acetone insoluble phospholipids, containing mainly
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI),
minor compounds such as phosphatidic acid (PA) and other substances (triglycerides,
carbohydrates, etc.).!”> Many of these phospholipids exhibit good emulsifying properties
due to their amphiphilic nature. Lecithin is a waste product generated from soybean oil
production. It can be obtained from this crude waste by a process called degumming.'”
Therefore, lecithin, like casein, can be obtained through valorisation of waste-streams,

which increases their inherent sustainability.

Figure 1.6 shows the structures of the main components of lecithin (and CTAB for
reference). In fact, the major application of lecithin is in the food industry as emulsifying
agents, which is analogous to the surfactant role of CTAB.. Some more advanced uses of
lecithin that have exploited this inherent nature have been in drug delivery. Lecithin
organogels form when lecithin is dissolved in an organic medium and small amounts of
water are added. Upon addition of water, the lecithin molecules form reverse micelles
with further water addition converting these to three-dimensional, long, tubular
networks.!”* Lecithin can also form bilayers in aqueous solution. Lecithin and PC contain

long-chain fatty acid residues and quaternary ammonium headgroups, which are
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structurally similar to the head and tail groups of CTAB. The formation of spherical silica

particles is highly role of CTAB, as discussed in sections 1.2.3 and 1.2.4.

Z Group

E O
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Phosphatidylcholine
R, (o] +
T i‘/\/ NH3
o Phosphatidylethanolamine
Lecithin OH OH
R, and R, = long-chain fatty acids (n-C,H,) H
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OH
Br H
H3C(HzC)is—— N — OH H
Phosphatidylinositol
CTAB —-H

Phosphatidylethanolamine

Figure 1.6 General structure of lecithin (top left) and it’s variations (right column). R,
and R> = fatty acid residues. CTAB is shown (bottom left) for structural comparison.
Notice the similarities between the quaternary ammonium headgroups of
phosphatidylcholine and phosphatidylethanolamine and that of CTAB. The long-chain
fatty acid residues of lecithin are also structurally and chemically similar to the long
carbon tail of CTAB.

Phospholipids are an important component of the cellular membrane in both plants and
animals and are highly abundant and renewable. The hydrophobic tails are the Ry and R
groups (see Figure 1.6 above), which are long-chain fatty acid residues with varying chain
length and degree of saturation. The phosphate head is the hydrophilic part of the
phospholipid, with the Z group varying depending on the derivative. These zwitterionic
phospholipids have surfactant properties just like CTAB, which allow them to stabilise

emulsions. This property has made lecithin useful in the food industry, but lecithin has
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also found limited use in controlling the morphology of silica. This propensity could allow

lecithin to replace CTAB in spherical silica synthesis.

The literature shows some limited investigation of lecithin as a means to control silica

polymerisation. Galarneau et al.'”

exploited the surface active agency of lecithin to form
sponge mesoporous silica using lecithin/dodecylamine mixed-micelles in ethanol/water.
Han et al.'’® used calcium phosphate to coat the surface of lecithin micelles. These

micelles were used to encapsulate perflurocarbon, which is used as an artificial oxygen

carrier. The calcium phosphate coated lecithin micelles showed enhanced stability.

These studies show the ability and facility of lecithin to form micelles/bilayer structures.
This is important when it is used to mimic biosilica formation. Surfactants like CTAB,
which are used in Stober processes, form micelles, their ability as structure directing
agents has a significant influence on the size and morphology of the resulting silica
particles. To date, there have been no reports in the literature of using lecithin as an SDA
in the synthesis of spherical silica using a biomimetic approach. The notably similar
physicochemical properties of lecithin and CTAB — bilayer structure and quaternary
ammonium headgroups — make lecithin an ideal candidate as an SDA. As we have seen,
until now the attempts to use biomolecules as SDAs in the synthesis of spherical silica
particles has not yielded great success. Finding biomolecules, such as lecithin and casein,
which closely match the physicochemical characteristics detailed previously would

finally bridge the gap between the Stober processes and Nature.
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Biopolymers as porogens

A major aspect of spherical silica particle production is rendering particles porous on
occasion. This is done for specific applications. This necessitates the use of porogens in
syntheses. Biopolymers have potential functionality in this role too. Apart from
employing biopolymers to act as SDAs to control morphogenesis, biopolymers have also
been used as porogens to create meso- and micropores in various materials. This dual role
of biopolymers is the same as that of CTAB which controls the morphology of silica

particles but also, depending on reaction conditions, reveals pores upon its removal.

Jia et al'?

produced microporous silica gel using tetramethyl orthosilicate (TMOS)
templated by gelatin, which was removed post-synthesis via calcination. They found that
as the concentration of gelatin increased, the surface area and pore volume of the silica
also increased. Gelatin interacts with the silicate species produced during hydrolysis via
H-bonding and covalent interactions through the amino acid hydroxyproline.!”” This
enables the gelatin to be incorporated into the forming silica gel network, with its
subsequent removal revealing the porous structure, similar to CTAB. Sabarish et al.'”
used sodium alginate and tetrapropylammonium hydroxide (TPAOH) to create mesopores
in the zeolite silicalite-1. The sodium alginate was removed by calcination and found that
compared to conventional silicalite-1, mesopores were formed instead of micropores
when sodium alginate was used as the porogen. Sodium alginate is a homopolymer
composed of guluronic and mannuronic acid, both of which contain hydroxyl and
carboxyl groups. The quaternary ammonium TPAOH likely electrostatically interacts

with the alginate and the silicate species which enables a dual template-porogen role. This

interaction and role of the quaternary ammonium cation is discussed in previous sections.
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Sodium alginate was also used as a porogen by Abramson et al.'” to synthesise
millimetre-sized magnetic silica beads. In this case, alginate beads were formed first and
a solution of hydrolysed TEOS was subsequently added. The hydrolysed TEOS then
diffused into the alginate beads and polymerised. Subsequent washing with water and
nitric acid removed the alginate template, leaving behind the mesoporous magnetic silica

beads.

The above studies exemplify how biopolymers can have a dual role as a porogen and an
SDA. Depending on the physicochemical characteristics of the biopolymer, some
biopolymers can behave in the same way that the traditional surfactant CTAB does in

spherical silica synthesis.

Comparison of experimental conditions of biopolymer-based silica synthesis versus
Stober processes

As we have seen, Nature has evolved the biomineralisation process to be a highly
sustainable and efficient process. The synthesis of silica in diatoms and other creatures
occurs under ambient conditions of temperature and pH in aqueous media. In vitro
replication of this biomineralisation process can be conducted under similar ambient
conditions. Contrast this to the typical synthesis conditions in the Stober and modified-
Stober process outlined in Table 1.2. A typical Stober synthesis is conducted at
temperatures between 10 — 80 °C, but in order to get smaller particles which are more
desirable, higher temperatures are needed. The Stober process also needs ethanol as a
solvent because TEOS is insoluble in water, therefore, ethanol acts as a mutual solvent
for these. Post-processing of the particles typically involves washing with water and

acetone. A typical modified-Stober synthesis using CTAB is run at temperatures between
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10 — 40 °C. Again, smaller particles are achieved at higher temperatures. The modified-
Stober process also uses ethanol for the same reason as the Stober process. Post-
processing of the particles synthesised using the modified-Stober process requires
calcination at very high temperatures to remove the CTAB. Chemical extraction of the
CTAB is also possible but requires the use of acid/alcohol mixtures which also require

heating.

Table 1.2 Comparison of experimental conditions of biopolymer-based silica synthesis
with Stober and modified-Stober processes.

Production Precursor Temperature Solvent Post- Refs.
Process (°C) processing
Biopolymer  Sodium Ambient Water Washing 108,109,154,
-based silicate 155,157,158
Stober TEOS 10 - 80 Ethanol/ Washing 38,180-185
water
Modified- TEOS 10 —40 Ethanol/ Calcination 5,49,186—190
Stober water > 500 °C or
chemical
extraction

The above table provides a simple yet effective outline of the advantages of a biopolymer-
based silica synthesis over the traditional Stober processes. Compared to the biopolymer-
based silica syntheses, which use biodegradable and sustainable SDAs, water-based
chemistries, minimal post-processing, and ambient experimental conditions, the Stober

processes are unsustainable and highly energy-intensive.
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1.6 Conclusions and outlook

The outlook on the use of biopolymers to synthesise spherical silica is bright. The use of
sustainable and renewable reagents, ambient reaction conditions, and environmentally
friendly methods, offers significant advantages over the traditional, established methods.
However, the one area which has perhaps hindered the adoption of such biopolymer-based
silica syntheses is their failure to produce monodisperse silica particles thus far. The
widespread use of Stober and modified-Stober processes is due to the ease, and
consistency, with which they are able to produce discrete and monodisperse silica
particles. Various applications, such as chromatography and drug-delivery, require
monodisperse silica particles, and as such, it is an essential physical property to control.
However, there has been decades of work and refinement since Stober first reported the
synthesis of monodisperse particles. Synthesising such particles using biomimetic
methods is much more recent. It has already been shown that using Nature as an
inspiration, biomimetic silica can successfully be synthesised in vitro. Further
optimisation of this process, to control monodispersity, would lead to parity between the
Stober and biopolymer-based processes. These optimisations should focus on the
physicochemical characteristics discussed previously — amphiphilicity, adjacent carboxyl
and amino groups (charge relay effect), polyamines, and quaternary amines — and the
reaction conditions which are conducive to such biopolymers acting as an SDA, because
the structure-directing role of a biopolymer is crucial to forming discrete monodisperse
spherical silica. By these means, truly sustainable production of spherical silica particles

to meet the needs of the modern world is possible.
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Chapter 2

Synthesis of Non-Porous Spherical Silica Particles

with Controllable Dimensions
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2.1 Abstract

The influence of ethanol, tetracthyl orthosilicate (TEOS), ammonium hydroxide, and
water concentrations on the size of silica nanoparticles prepared using a Glantreo Ltd.
method based on the Stober process was investigated univariately. From this data a table
of particle sizes was produced, allowing particles ranging in size from 149 — 511 nm to
be easily synthesised depending on input parameters. Increasing ethanol concentration
increased particle size, with smallest particles of 156 nm and largest particles of 511 nm
being formed. Increasing TEOS concentration increased particle size, with smallest
particles of 222 nm and largest particles of 394 nm being formed. Increasing ammonium
hydroxide concentration increased particle size up to 5.1 M, with smallest particles of 149
nm and largest particles of 491 nm being formed. Increasing water concentration
increased particle size up to 0.8 ml, with a decrease in particle size beyond this, with

smallest particles of 190 nm and largest particles of 377 nm were formed.
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2.2 Introduction

The preparation of non-porous silica nanoparticles (SNPs) is a vibrant area of research
due to their unique physical and chemical properties, such as colloidal stability, facile
surface modification, and bioinertness.!™ Applications of SNPs are diverse and include
more specialised use, such as drug delivery vehicles in biomedicine, and more general
use, such as food additives.*® Other important uses of these SNPs is in insulation
materials for buildings”® and superhydrophobic coatings for substrates.”!° The particle
size and size uniformity (dispersity) influences the quality and therefore, the scope of
application of the particles. For more specialised uses, it is desirable to have the ability to
synthesise SNPs with high size monodispersity. The National Institute of Standards and
Technology (NIST) defines monodispersity as particles of nearly the same size, forming
a narrow distribution about an average value. Specifically, NIST guidelines state that 90
% of the distribution lies within = 5 % of the average size,!! which equates to a relative
standard deviation (RSD) of around 3 %. However, even with these guidelines, there
seems to be a lack of consensus in the silica literature as to the accepted RSD value that
defines monodisperse. Reported values of RSD that are considered monodisperse vary
greatly, though an RSD of < 10 % is generally regarded as being monodisperse,'*!” and

will be the definition used here.

However, it is also important to be able to tune the synthesis to prepare particles with a
specific mean size, which broadens their application. Having the ability to tune the
synthesis for different particle sizes, while also keeping monodispersity high is
advantageous. Stober et al.!® first reported the process for the controlled growth of

spherical non-porous silica particles of uniform size. The growth of silica particles in the
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Stober process is, at its most fundamental, controlled by two reactions: (1) the hydrolysis
of tetraethyl orthosilicate (TEOS) [Si(OEt), — Si(OEt),_,(OH),], where x = 1 — 4,
and (2) condensation of the Si(OEt),_,(OH), monomers into the siloxane network. The
size and morphology of the synthesised particles is dependent on the rates of hydrolysis
and condensation. These can be controlled by altering the reaction conditions. Here we
report a tuneable synthesis of non-porous silica nanoparticles in the diameter range
between 150 — 500 nm. This tuneable synthesis allows for precise control of particle

diameter along with size monodispersity.

2.3 Experimental

2.3.1 Materials

Tetraethyl orthosilicate (TEOS) (98 % purity), ammonium hydroxide (assay: 28 — 30 %
NH3 basis) were purchased from Sigma Aldrich. Ethanol was purchased from Carbon

Group. Milli-Q water (> 18.2 MQ.cm) was used for all reactions.

2.3.2 Method

Non-porous silica nanoparticles were prepared using a Glantreo Ltd. process which is
based on the Stober process. The reaction conditions can be found in Table 2.1. The
requisite amounts of water, ethanol and ammonium hydroxide were placed in a 10 ml
reaction vial with a magnetic stirrer and placed on a temperature-controlled heating block.
This solution was allowed stir for 1 hr at 250 rpm. The required amount of TEOS was
then introduced and the reaction flask was left to stir overnight. The clear solution began
to turn milky-white 1-3 min after TEOS addition. The reaction mixture was centrifuged

at 14,000 rpm for 10 mins and the solids were washed with water and acetone. The solids
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were then dried in an oven overnight and characterised by scanning electron microscopy

(SEM).

2.3.3 Characterisation

Scanning Electron Microscopy (SEM) was used to obtain images of the silica
nanospheres. The SEM analyses were carried out on a high-resolution FEI Inspect,
operated at either 10 or 15 kV. Each sample was adhered to a stainless-steel stub (stage)
via double-sided carbon tape. Particle diameters were determined using an automated
statistical method performed using MATLAB software, further details and limitations of
which are provided in section 2.7 Appendix. Multiple SEM images were obtained for
each sample and the number of particles measured per sample was > 10,000 for the
majority of samples. RSD was calculated from the mean diameter of the total sample.

Statistical analyses were done in OriginLab OriginPro 9.0 software.
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Table 2.1 Synthesis conditions for obtaining silica nanoparticles of various sizes. T = 25

°C.
EtOH H:0 NH+OH TEOS Mean Particle Size SD?  RSDP
(ml) (ml) ™M) (ml) (nm) (mm) (%)
5 1.12 1.2 0.7 149 20.2 13.5
5 0.4 6.3 0.7 190 31.2 16.5
5 1.12 32 0.2 222 48.3 21.7
5 1.12 32 0.3 245 50.7 20.7
1 1.12 32 0.555 256 354 13.8
5 0.5 5.6 0.7 263 43.6 16.6
5 1.12 32 04 270 39.8 14.7
5 1.12 32 0.5 292 51.5 17.7
5 0.6 5.0 0.7 297 504 17.0
5 1.12 32 0.555 359 48 13.5
5 1.12 32 0.7 317 49.5 15.6
3 1.12 32 0.555 322 59.4 18.5
4 1.12 32 0.555 340 46.5 13.7
5 1.1 32 0.7 327 44.5 13.6
5 1.12 32 0.8 339 50.0 14.7
5 1.12 2.2 0.7 340 32.6 9.6
5 1.12 32 0.9 359 50.2 14.0
5 1.0 34 0.7 360 53.8 14.9
5 0.9 3.7 0.7 372 56.1 15.1
5 1.12 32 0.6 377 474 12.6
6 1.12 32 0.555 378 51 13.6
5 0.8 4.1 0.7 377 58.1 154
5 1.12 3.1 0.7 389 26.9 6.9
5 1.12 32 1.0 392 48.2 12.3
5 1.12 32 1.1 394 54.2 13.8
5 1.12 5.6 0.7 399 54.1 13.6
2 1.12 32 0.555 425 62.4 14.7
7 1.12 32 0.555 449 25.2 5.6
5 1.12 6.1 0.7 452 72.2 16.0
5 0.7 4.5 0.7 370 62.6 16.9
5 1.12 3.8 0.7 469 25.6 5.5
5 1.12 4.5 0.7 484 43.5 9.0
5 1.12 5.1 0.7 491 31.7 6.5
8 1.12 32 0.555 511 31.3 6.1

aSD, standard deviation
PRSD, relative standard deviation
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2.4 Results and Discussion

2.4.1 Effect of ethanol concentration on particle size and morphology

Table 2.2 Experimental conditions and size data for ethanol variation.
EtOH H0 NH+OH TEOS Mean Particle Size SD*  RSDP

(ml)  (ml) M) (ml) (nm) (mm) (%)
1 1.12 3.2 0.555 256 354 138
2 1.12 3.2 0.555 425 624 147
3 1.12 3.2 0.555 322 594 185
4 1.12 3.2 0.555 340 46.5 137
5 1.12 3.2 0.555 359 48 135
6 1.12 3.2 0.555 378 51 13.6
7 1.12 3.2 0.555 449 252 56
8 1.12 3.2 0.555 511 313 6.1

aSD, standard deviation
PRSD, relative standard deviation

The volume of ethanol was varied while keeping all other reactants constant. Table 2.2
shows the experimental conditions and size data for ethanol variation. Figure 2.1 shows
SEM images of the particles obtained upon varying the ethanol volume. In all cases,
spherical nanoparticles were formed. According to Sadasivan et al.'® alcohols used as
solvents in TEOS hydrolysis affects the formation of silica in two major ways. High
solvent viscosity and a lower self-diffusion coefficient for the nucleophile in higher
carbon-chain alcohols contribute to steric hindering and results in a slower hydrolysis
reaction. Conversely, the weaker hydrogen bonding in higher carbon-chain alcohols can
enhance the hydrolysis rate. These two opposing factors can influence the particle size
depending on what type of alcohol is used. This would suggest that lower carbon-chain
alcohols such as methanol would give larger particles than higher carbon-chain alcohols

such as ethanol. This is contrary to what Stdber et al.'® observed who found that the
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reaction rate was fastest in methanol, giving smallest particle sizes, and slowest in n-
butanol, giving largest particle sizes. This could be explained by the polarity of the
solvent. Methanol is relatively polar and the polarity of alcohols decreases with increasing
chain length. Colloidal stability is achieved more readily with small particles in highly
polar solvents, while it is achieved with larger particles in low polarity solvents. While
the effects of different solvents on particle morphology have been studied,?° the effect of

different concentrations of the same solvent on particle morphology is less understood.
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Figure 2.1 SEM images of silica nanoparticles synthesised by varying amount of ethanol.
(a) 1 ml EtOH, (b) 2 ml EtOH, (c) 3 ml EtOH, (d) 4 ml EtOH, (e) 5 ml EtOH, (f) 6 ml
EtOH, (g) 7 ml EtOH, and (h) 8 ml EtOH. All other reactants kept constant.
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Figure 2.2 shows the particle size distributions (PSDs) of the nanoparticles prepared when
EtOH is varied. Figure 2.2A shows a single peak at 256 nm (1 ml EtOH) fitted with a
Gaussian function (R? = 0.99, RSD = 13.8 %). Figure 2.2B shows a single peak at 435
nm (2 ml EtOH) fitted with a Gaussian function (R? = 0.98, RSD = 14.7 %). Figure 2.2C
shows a single peak at 322 nm also fitted with a Gaussian function (R? = 0.99, RSD =
18.5 %). Figure 2.2D shows a single peak at 340 nm (4 ml EtOH) fitted with a Gaussian
function (R? = 0.99, RSD = 13.7 %). Gaussian fittings are characteristic of a growth
process occurring via Ostwald ripening.?! Smaller particles are typically
thermodynamically unstable and redissolve into the bulk solution. Growth occurs via
material transfer from the bulk solution onto the surface the larger particles. A

22 and

mathematical description of this process was provided by Lifshitz and Slyozov
Wagner.?® Their description included a boundary constraint in which no particle could
have a diameter greater than 1.5 times the mean particle diameter, which resulted in a left-
skewed particle size distribution. However, in real systems this constraint does not exist,
therefore, a Gaussian distribution better describes the Ostwald ripening process. Figure
2.2A-D show particle size distributions which are indicative of an Ostwald ripening
process. Figure 2.2E shows a peak at 343 nm (5 ml EtOH) fitted with a Gaussian function
and a peak at 407 nm fitted with a log-normal function (R*=0.99, RSD = 13.5 %). A log-
normal function is characteristic of a growth process occurring via coalescence.
Coalescence occurs when particles of different sizes fuse together into a single particle.

This leads to a characteristic right-skewed particle size distribution. Ostwald ripening and

coalescence can therefore be differentiated by the shape of the particle size distribution.
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In general, particles that grow via an Ostwald ripening process are more monodisperse

than those that grow via coalescence.
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Figure 2.2 PSDs of silica nanoparticles synthesised by varying amount of ethanol. (a) 1
ml EtOH, (b) 2 ml EtOH, (c) 3 ml EtOH, (d) 4 ml EtOH, (e) 5 ml EtOH, (f) 6 ml EtOH,
(g) 7 ml EtOH, and (h) 8 ml EtOH. All other reactants kept constant.
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Figure 2.2F shows a single peak at 374 (6 ml EtOH) fitted with a log-normal function
(R? = 0.97, RSD = 13.6 %). Figure 2.2G shows a single peak at 449 nm (7 ml EtOH)
fitted with a Gaussian function (R? = 0.97, RSD = 5.6 %). Figure 2.2H shows a single

peak at 511 nm (8 ml EtOH) fitted with a Gaussian function (R? = 0.98, RSD = 6.1 %)).

Figure 2.3 shows that increasing the amount of EtOH results in an increase in particle
size, with the smallest mean diameter seen at 1 ml EtOH and the largest mean diameter
seen at 8§ ml EtOH. While EtOH is not directly involved in the hydrolysis and
condensation reactions, its concentration affects them. Increasing the EtOH concentration
reduces the relative concentration of water and TEOS. A lower concentration of water
and TEOS means hydrolysis is slower than condensation, resulting in larger particles. A
higher concentration of water and TEOS means hydrolysis is faster than condensation,
resulting in smaller particles. Previous work has shown that particle size is dependent on
the relative concentration of water and TEOS, and follows this same trend.>*?® At the
lowest (1 ml, 2 ml, 3 ml, and 4 ml) and the highest (7 ml and 8 ml) amounts of EtOH, the
growth process occurs via Ostwald ripening only, resulting in good size monodispersity,
as seen in the low RSDs and represented by the red shaded area in Figure 2.3. At 5 and
6 ml EtOH, a mixture of Ostwald ripening and coalescence is seen. The percentage yield
decreases when the volume of EtOH is increases, with the yield dropping to ca. 60 % at 4
ml EtOH. The highest yield is observed at 1 ml EtOH (97.5 %), followed by 2 ml (94.7
%) and 3 ml (93.4 %) EtOH. Therefore, the data indicate that the highest level of

monodispersity and yield is achieved at lower EtOH concentrations.
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Figure 2.3 Effect of ethanol volume on mean particle size () and percent yield
(). Red shaded area is the standard deviation of mean particle size.
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2.4.2 Effect TEOS concentration on particle size and morphology

Table 2.3 Experimental conditions and size data for TEOS variation.
EtOH H:0 NHsOH TEOS Mean Particle Size SD?  RSDP

(m)  (ml) M) (ml) (nm) (mm) (%)
5 1.12 3.2 0.2 222 483 217
5 1.12 3.2 0.3 245 50.7 207
5 1.12 3.2 0.4 270 39.8 147
5 1.12 3.2 0.5 292 515 177
5 1.12 3.2 0.6 377 474 126
5 1.12 3.2 0.7 317 495 156
5 1.12 3.2 0.8 339 500 147
5 1.12 3.2 0.9 359 502 14.0
5 1.12 3.2 1.0 392 482 123
5 1.12 3.2 1.1 394 542 138

aSD, standard deviation
PRSD, relative standard deviation

Table 2.3 shows the experimental conditions and size data for TEOS variation. TEOS is
the most commonly studied silica precursor in the literature and systems employing this
are well established.?”? The amount of TEOS in the reaction influences the rate of
hydrolysis and therefore the particle size. When the concentration of TEOS is low,
hydrolysis is faster than condensation and the increased concentration of hydrolysed
monomer increases the nucleation rate, resulting in more particles of smaller size. When
the concentration of TEOS is high, hydrolysis becomes the rate-limiting step.’ In this
scenario the rate of condensation dominates and particle growth is favoured, as observed
in our case. Figure 2.4 shows SEM images of silica nanoparticles obtained when varying
TEOS concentration. Figure 2.5 shows the particle size distributions of these particles.

As expected, increasing the concentration of TEOS results in an increase in particles size.
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Figure 2.4 SEM images of silica nanoparticles synthesised by varying amount of TEOS.
(a) 0.2 ml TEOS, (b) 0.3 ml TEOS, (c) 0.4 ml TEOS, (d) 0.5 ml TEOS, (e) 0.6 ml TEOS,
(f) 0.7 ml TEOS, (g) 0.8 ml TEOS, (h) 0.9 ml TEOS, (i) 1 ml TEOS, and (j) 1.1 ml TEOS.
All other reactants kept constant.
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Figure 2.5 shows the PSDs of the nanoparticles prepared when TEOS is varied. Figure
2.5A shows a single peak at of 222 nm (0.2 ml TEOS) fitted with a Gaussian function (R?
=0.99, RSD = 21.7 %), indicating Ostwald ripening. Figure 2.5B shows a peak at 189
nm (0.3 ml TEOS) fitted with a log-normal function and a peak at 267 nm fitted with a
Gaussian function (R? = 0.99, RSD = 20.7 %), indicating that a mixture of coalescence
and Ostwald ripening is occurring. Figure 2.5C shows a peak at 234 nm (0.4 ml TEOS)
fitted with a log-normal function and a peak at 281 nm fitted with a Gaussian function (R?
=0.99, RSD = 14.7 %). Figure 2.5D shows a peak at 232 nm (0.5 ml TEOS) fitted with
a log-normal function and a peak at 311 nm fitted with a Gaussian function (R? = 0.99,
RSD = 17.7 %). While Figure 2.5B-D show that a mixture of coalescence and Ostwald
ripening is occurring, the log-normal peak decreases in frequency as the TEOS volume is
increased. The peaks also begin to shift to larger diameter. This is characteristic of
Ostwald ripening, where the smaller diameter particles decrease in number, while the
larger particles grow in size. Therefore, as the TEOS volume is increased from 0.3 ml to
0.5 ml, Ostwald ripening begins to dominate. This is seen in Figure 2.5E (0.6 ml TEOS)
where the log-normal peak disappears and two peaks at 350 and 445 nm fitted with
Gaussian functions are seen (R? = 0.95, RSD = 12.6 %). However, Figure 2.5F shows a
single peak at 311 nm (0.7 ml TEOS) fitted with a log-normal function (R*> = 0.99, RSD
= 15.6 %), which indicates that coalescence is occurring. Figure 2.5G shows a single
peak at 339 nm (0.8 ml TEOS) fitted with a Gaussian function (R? = 0.99, RSD = 14.7
%), which indicates that the growth process has reverted back to Ostwald ripening. Figure
2.5H displays two peaks at 344 and 416 nm (0.9 ml TEOS) fitted with Gaussian functions

(R?=0.99, RSD = 14 %). Figure 2.5I shows a single peak at 395 nm (1 ml TEOS) fitted
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with a log-normal distribution (R? = 0.99, RSD = 12.3 %), indicating that the growth
process has reverted back to coalescence. Figure 2.5J shows two peaks at 388 and 438

nm (1.1 ml TEOS) fitted with Gaussian functions (R*> = 0.99, RSD = 13.8 %)).
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Figure 2.5 PSDs of silica nanoparticles synthesised by varying amount of TEOS. (a) 0.2
ml TEOS, (b) 0.3 ml TEOS, (c) 0.4 ml TEOS, (d) 0.5 ml TEOS, (e) 0.6 ml TEOS, (f) 0.7 ml
TEOS, (g) 0.8 ml TEOS, (h) 0.9 ml TEOS, (i) 1 ml TEOS, and (j) 1.1 ml TEOS. All other

reactants kept constant.
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The data show that at the lowest volume of TEOS tested (0.2 ml) the growth process
occurs via Ostwald ripening. As the volume of TEOS is increased the growth process
shifts to a mixture of Ostwald ripening and coalescence. As the volume of TEOS increases
from 0.3 to 0.5 ml, the log-normal peak in the PSDs begins to shrink while the Gaussian
peak shifts to larger diameters. This indicates that Ostwald ripening begins to dominate.
Further increasing the volume of TEOS to 0.6 ml shows that Ostwald ripening is the
dominant process. However, further increases in the volume of TEOS causes the growth
process to alternate between coalescence and Ostwald ripening. Figure 2.6 shows that
overall, the mean particle size increases as the volume of TEOS is increased. Similar
studies in the literature also show an increase in particle size with increasing TEOS
concentration.'** The RSD also decreases as the volume of TEOS increases, going from
21.7 % at 0.2 ml TEOS to 13.8 % at 1.1 ml TEOS. However, the percentage yield
decreases slightly as the volume of TEOS is increased. The highest percentage yield was

94.7 % (0.2 ml TEOS) and the lowest was 91.6 % (1.1 ml TEOS).
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Figure 2.6 Effect of TEOS volume on mean particle size (—M) and percent yield
(—3-). Red shaded area is the standard deviation of mean particle size.
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2.4.3 Effect of ammonium hydroxide concentration on particle size and
morphology

Table 2.4 Experimental conditions and size data for ammonium hydroxide variation.
EtOH H:0 NH4 OH TEOS Mean Particle Size SD?  RSDP

(mh)  (ml) M) (ml) (nm) (mm) (%)
5 1.12 1.2 0.7 149 202 135
5 1.12 2.2 0.7 340 326 9.6
5 1.12 3.1 0.7 389 269 69
5 1.12 3.8 0.7 469 256 55
5 1.12 4.5 0.7 484 435 9.0
5 1.12 5.1 0.7 491 3.7 65
5 1.12 5.6 0.7 399 541  13.6
5 1.12 6.1 0.7 452 722 16.0

aSD, standard deviation
PRSD, relative standard deviation

Table 2.4 shows the experimental conditions and size data for ammonium hydroxide
variation. Figure 2.7 shows SEM images of the nanoparticles prepared when ammonium
hydroxide concentration is varied. In all cases, spherical particles were formed.
Ammonium hydroxide is used a base-catalyst in the Stober process. The hydrolysis and
condensation rate of TEOS depends on the concentration of ammonium hydroxide and it
1s expected that increasing this concentration should increase the nucleation rate, resulting
in increased particle size.>* Figure 2.8 shows the PSDs of the nanoparticles prepared when
varying ammonium hydroxide. Figure 2.8A shows a single peak at 149 nm (1.2 M
NH4OH) fitted with a Gaussian function (R? = 0.99, RSD = 13.5 %). Figure 2.8B shows
a single peak at 340 nm (2.2 M NH4OH) fitted with a Gaussian function (R?> = 0.99, RSD
= 9.6 %). Figure 2.8C shows a single peak at 389 nm (3.1 M NH4OH) fitted with a
Gaussian function (R? =0.99, RSD = 6.9 %). Figure 2.8D shows a single peak at 469 nm

(3.8 M NH4OH) fitted with a Gaussian function (R =0.96, RSD = 5.5 %). At ammonium
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hydroxide concentrations of 1.2 to 3.8 M, the growth process occurs via Ostwald ripening.
Figure 2.8E shows a peak at 463 nm (4.5 M NH4OH) fitted with a log-normal function
and a peak at 494 nm fitted with a Gaussian function (R*> = 0.99, RSD =9 %). A mixture
of Ostwald ripening and coalescence is occurring at this concentration of ammonium
hydroxide. Figure 2.8F shows a single peak at 491 nm (5.1 M NH4OH) fitted with a
Gaussian function (R>=0.99, RSD = 6.5 %). Figure 2.8G shows three peaks at 327, 398,
and 457 nm (5.6 M NH4OH) fitted with Gaussian functions (R? = 0.99, RSD = 13.6 %).
Figure 2.8H shows four peaks at 341, 446, 497, and 542 nm (6.1 M NH4OH) fitted with
Gaussian functions (R? = 0.99, RSD = 16 %). At ammonium hydroxide concentrations
above 4.5 M, the growth process reverts to Ostwald ripening. However, at concentrations
above 5.1 M, the particles begin to show increased polydispersity, represented by an

increase in number of peaks and an increase in the RSD.
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Figure 2.7 SEM images of silica nanoparticles synthesised by varying ammonium
hydroxide concentration. (a) 1.2 M NH,OH, (b) 2.2 M NH,OH, (c) 3.1 M NH,OH, (d) 3.8
M NH,OH, (e) 4.5 M NH,OH, (f) 5.1 M NH,0H, (g) 5.6 M NH,OH, and (h) 6.1 M NH,OH.
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Figure 2.8 PSDs of silica nanoparticles prepared by varying amount of ammonia. (a) 1.2
M NH.OH, (b) 2.2 M NH,OH, (c) 3.1 M NH,OH, (d) 3.8 M NH,OH, (e) 4.5 M NH,OH,
(f) 5.1 M NH,OH, (g) 5.6 M NH,OH, and (h) 6.1 M NH4sOH. All other reactants kept
constant.
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Figure 2.9 shows the effect of ammonium hydroxide concentration on mean particle size
and percent yield. The percent yield remains stable ca. 90 % at all ammonium hydroxide
concentrations tested. Increasing the ammonium hydroxide concentration leads to an
increase in particle size up to 5.1 M. Further increases resulted in a decrease in the particle
size. The initial increase can be attributed to the ammonium hydroxide acting as a catalyst
for the hydrolysis and condensation reactions. At higher ammonium hydroxide
concentrations, the rate of hydrolysis of TEOS proceeds rapidly. This fast consumption
of TEOS at the beginning of the reaction produces highly reactive anionic silanol
monomers, such as Si(OEt)>2(OH)(O ) and Si(OEt)(OH)2(O ), which are more reactive
than Si(OEt)3(O ). These highly reactive monomers preferentially condense onto the
surface of already formed particles rather than diffuse into the siloxane network, thus
promoting the growth of the particles.’> At ammonium hydroxide concentrations > 5.1 M,
it is likely that the conductivity of the solution is so high that these highly reactive
monomers are prevented from reaching the surface of the already formed particles due to
the high negative surface charge and screening from the NH3". This results in smaller
particles being formed but also an increase in polydispersity because condensation is
impeded by the high conductivity. Faster hydrolysis and condensation of the silica
precursor contributes to the growth in particle size. The decrease in particle size at 6.5 M
NH4OH can be explained by the stabilising effect of the NH4" ions on the newly forming
silica surface. The increased positive ion concentration stabilises the negatively charged
surface and inhibits particle growth. Higher concentrations of NH4OH also increase the

polydispersity of the particles, as represented by the increase in the RSD. Our results show
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that increasing ammonium hydroxide concentration increases particle size, which is in

agreement with other studies in the literature.>3°
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Figure 2.9 Effect of ammonium hydroxide concentration on mean particle size (—#) and
percent yield (—3). Red shaded area is the standard deviation of mean particle size.
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2.4.4 Effect of water on particle size and morphology

Table 2.5 Experimental conditions and size data for water variation.
EtOH H:0 NHsOH TEOS Mean Particle Size SD?  RSDP

(m)  (ml) M) (ml) (nm) (mm) (%)
5 0.4 6.3 0.7 190 312 165
5 0.5 5.6 0.7 263 436  16.6
5 0.6 5.0 0.7 297 504 17.0
5 0.7 4.5 0.7 370 62.6 169
5 0.8 4.1 0.7 377 581 154
5 0.9 3.7 0.7 372 56.1  15.1
5 1.0 3.4 0.7 360 53.8 149
5 1.1 3.2 0.7 327 445  13.6

aSD, standard deviation
PRSD, relative standard deviation

Table 2.5 shows the experimental conditions and size data for water variation. Figure
2.10 shows SEM images of the nanoparticles prepared when the amount of water is varied.
In all cases, spherical particles were formed. Figure 2.11 shows the PSDs of the
nanoparticles prepared when the amount of water was varied. Figure 2.11A shows a
single peak at 190 nm (0.4 ml H>O) fitted with a Gaussian function (R*> = 0.98, RSD =
16.5 %), indicating that Ostwald ripening is taking place. Figure 2.11B shows a peak at
247 nm (0.5 ml H>O) fitted with a log-normal function and a peak at 353 nm fitted with a
Gaussian function (R?=0.99, RSD = 16.6 %). Figure 2.11C shows a peak at 247 nm (0.6
ml H>O) fitted with a log-normal function and a peak at 340 nm fitted with a Gaussian
function (R? = 0.95, RSD = 17 %). At 0.5 ml H,0, a mixture of coalescence and Ostwald
ripening is occurring, with coalescence being the dominant process as seen in the larger
log-normal peak. At 0.6 ml H>O, a mixture of coalescence and Ostwald ripening is also
occurring, however, Ostwald ripening is greater than at 0.5 ml H>O, as seen in the larger

Gaussian peak. Figure 2.11D shows a peak at 370 nm (0.7 ml H>O) fitted with a Gaussian
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function (R? = 0.96, RSD = 16.9 %), indicating that Ostwald ripening is the dominant
process compared to 0.6 ml H>O. Figure 2.11E shows a peak at 321 nm (0.8 ml H,0)
fitted with a log-normal function and a peak at 401 nm fitted with a Gaussian function (R?
=0.99, RSD = 15.4 %), indicating that a mixture of coalescence and Ostwald ripening is
occurring. Figure 2.11F shows two peaks at 353 and 435 nm (0.9 ml H>O) fitted with
Gaussian functions (R? = 0.99, RSD = 15.1 %), indicating that Ostwald ripening is the
dominant process. Figure 2.11G shows a single peak at 360 nm (1 ml H>O) fitted with a
Gaussian function (R? = 0.99, RSD = 14.9 %). Figure 2.11H shows a single peak at 328
nm (1.1 ml H,0) fitted with a log-normal function (R*> = 0.99, RSD = 13.6%), indicating

that coalescence is the dominant process.
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Figure 2.10 SEM images of silica nanoparticles synthesised by varying amount of water.
(a) 0.4 ml H>O, (b) 0.5 ml H>O, (c) 0.6 ml H>O, (d) 0.7 ml H>0, (e) 0.8 ml H>O, (f) 0.9 ml
H>0, (g) 1 ml H>0, and (h) 1.1 ml H20.
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Figure 2.11 PSDs of silica nanoparticles synthesised by varying amount of water. (a) 0.4
ml H>O, (b) 0.5 ml H>O, (c) 0.6 ml H>O, (d) 0.7 ml H>0, (e) 0.8 ml H>0, (f) 0.9 ml H>0,
(g) 1 ml H>O, and (h) 1.1 ml H>O.
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Figure 2.12 shows the effect of the amount of water has on mean particle size and percent
yield. The percent yield remains stable ca. 90 % across all volumes of water tested. At
low volumes of water, the particle increases as the water volume increases. This is in
contrast to our earlier results when studying EtOH concentration, where the particle size
increased as the relative concentration of water and TEOS decreased. However, here
TEOS concentration remains constant because EtOH concentration remains constant.
Initially small particles are formed, but as the concentration of water increases, larger
particles are formed up to 0.8 ml water. Previous studies have also shown that increasing
water concentration increases particle size.’’*® Recent research suggests that below a
threshold concentration of water, the condensation reaction, which releases water, is
accelerated due to the sustained consumption of water in the hydrolysis reaction, thus
promoting particle growth.>* Beyond this threshold, the condensation reaction is inhibited
and the high water content system stabilises the particles earlier. This is a possible
explanation for the decrease in particle size we see in our data beyond 0.8 ml water.
Another possible explanation for this is a decrease in stability of the oligomeric silica
species formed during the hydrolysis. At low volumes of water, a homogenous single-
phase mixture with ethanol was formed. At higher volumes of water, this homogeneity is
likely no longer present and a two-phase mixture is possible. The oligomeric species
formed during hydrolysis will have differing solubilities and therefore migration to a
particle surface can be hindered in a two-phase system at higher volumes of water.>® The
overall result is an increase in mean particle size up to 0.8 ml water, while also increasing
monodispersity (lower RSD). Further increasing the volume of water results in a decrease

in mean particle size with an increase in polydispersity (higher RSD).
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Figure 2.12 Effect of water volume on mean particle size (M) and percent yield
(). Red shaded area is the standard deviation of mean particle size.
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2.5 Conclusion

The effect of ethanol, TEOS, ammonium hydroxide, and water, each had on the particle
size of silica particles prepared using a Glantreo Ltd. method based on the Stober process
was investigated. A table of particle sizes was successfully produced allowing for the easy
synthesis of non-porous silica particles between 149 — 511 nm in size. Increasing the
amount of ethanol results in an increase in particle size. At very low and very high ethanol
concentrations, the growth process occurs via Ostwald ripening only, resulting in good
monodispersity. The percent yield drops to ca. 60 % from 3 ml ethanol onwards.
Increasing the amount of TEOS results in an increase in particle size. At the lowest
volume of TEOS (0.2 ml) the growth process occurs via Ostwald ripening, however this
shifts to a mixture of coalescence and Ostwald ripening as the amount of TEOS is
increased. At 0.7 ml TEOS and above, the growth process alternates between coalescence
and Ostwald ripening. The percent yield was highest for 0.2 ml TEOS (94.7 %) and lowest
for 1.1 ml TEOS (91.6 %). Increasing the concentration of ammonium hydroxide leads to
an increase in particle size up to 5.1 M. Further increase beyond 5.1 M ammonium
hydroxide leads to a decrease in particle size. The percent yield for all tested
concentrations of ammonium hydroxide remained constant at ca. 90 %. At low volumes
of water, the particle size increases as the volume of water increases. Above 0.8 ml water,
the particle size decreases with increasing volume of water. The percent yield remained
constant at ca. 90 % across all volumes of water tested. The statistical analysis of this
Glantreo Ltd. process enabled the synthesis of silica nanoparticles of controllable
dimension, a key requirement for Glantreo Ltd. to subsequently scale-up this process.

Information acquired during this analysis allowed for an efficient and high-yielding scale-
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up. Overall, the results presented here agree with numerous studies that have investigated

changing reaction parameters and their influence on particle size.
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2.7 Appendix

Code written by: Dr. Timothy W. Collins
Input and testing by: Ricky Curley

Image analysis procedure:

The code used to analyse the SEM images shown below is run in using MATLAB
programming language and computing environment developed by Mathworks (see
https://uk.mathworks.com/help/images/ref/imfindcircles.html for a more detailed
explanation of the mathematical arguments on which this code is based). Briefly, the SEM
image is captured and saved in TIFF format (code can be altered to accommodate different
formats). The filename of the image is appended with ‘-xxxxx’ with xxxxx being the
horizontal field width in nanometres. The image is converted to grayscale. 2-D median
filtering is applied to this grayscale image. A minimum and maximum radius is defined
and a circular Hough transform is applied. This transform finds the spheres in the specified
image with radii in the specified range. The output argument contains the radii obtained
using the Hough transform. The number of spheres and their corresponding diameters are

then output in tabular form which can be statistically analysed.

The two parameters within the code that have the greatest influence on the ability of the
code to determine particle diameters are ‘Sensitivity — Sensitivity factor’ and

‘EdgeThreshold — Edge gradient threshold’.

[centres , radii] = imfindcircles(img, [radius min radius_max]

,'ObjectPolarity’, 'bright’, 'Sensitivity', 0.97, 'EdgeThreshold’,0.15);
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Sensitivity factor is the sensitivity for the circular Hough transform accumulator array,
specified as the comma-separated pair consisting of 'Sensitivity' and a number in the
range [0,1]. As you increase the sensitivity factor, imfindcircles detects more circular
objects, including weak and partially obscured circles. Higher sensitivity values also
increase the risk of false detection. Edge gradient threshold sets the gradient threshold for
determining edge pixels in the image, specified as the comma-separated pair consisting
of 'EdgeThreshold' and a number in the range [0, 1]. Specify 0 to set the threshold to
zero-gradient magnitude. Specify 1 to set the threshold to the maximum gradient
magnitude. imfindcircles detects more circular objects (with both weak and strong edges)
when you set the threshold to a lower value. It detects fewer circles with weak edges as

you increase the value of the threshold (ref: see link above).

The adjustment of these two parameters enables the code to be fine-tuned to improve the
accuracy of the data obtained from the image. A possible source of error that must be
acknowledged is when multiple layers of particles are present in the SEM image. The
slight variation in height of the particles from the surface of the carbon tape will introduce
a small error in the size analysis due to this difference in perspective. However, this
difference is so small that it becomes negligible when thousands of data points are
generated for each image, as is the case here. Nonetheless, it is worth keeping this fact in

mind.
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Figure A2.1 Simplified representation (top) of the fundamental analysis taking place.
Spherical particles are identified in the SEM image by parameters defined in the Hough
transform. Note how overlapping particles can also be individually identified. Post-
transformation, these particles are shown in the output image encased in red circles. (a)
SEM image before processing. (b) SEM image post-processing.
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2.7.1 MATLAB sizing code

clear all;
clf;
clear all;

location =";
% location of images on drive
cd(location);

contents = dir("*.tif");
% or whatever the filename extension is

% Set up the initial 00 table for reference

Title = {0};
CD_mean = 0;
CD_median = 0;
CD std=0;

CD _3sig=0;
CD_mad = 0;
CD_mad 3sig=0;
no_centres = 0;
gauss_centre = 0;
gauss_sig = 0;
logn_center = 0;
logn_sig = 0;

Row 1 ="Na’;
T = table(Title,CD_mean,CD median,CD_std,CD 3sig,CD_mad,CD_mad 3sig,...
no_centres,gauss_centre,gauss_sig,logn center,logn_sig);

for r = 1:numel(contents)

filename = contents(r).name;
% loads each image in turn

Ic = imread(filename);

[path, name 1] = fileparts(filename);
% gets the filename

Names = strsplit(name_1,'-');

% splits the name % suffix after ‘- needs to be horizontal field width in whatever units
desired e.g. nm
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name = char(Names(1,1));
% load the first part as the image name

image width = str2num(char(Names(1,2)));
% reference the matrix for Names
% and convert to numeric; % image width in nm

tolerance = 300;
% tolerance for two circles to be the same circle

mkdir(name);

Io =rgb2gray(Ic); % ERI SEM
% lo =Ic; % Tyndall SEM

[height,width] = size(lo);

% I =1imcrop(lo,[0 0 width (height*0.87)]);
I = imcrop(lo,[0 0 width (height*0.87)]);

12 = imadjust(I);

nm_px = (image width/width);
% nm per pixel ratio!

tol= (tolerance/nm_px);

% tolerance (in pixels)

f radius = round((150/nm_px));

% if the nm_px ratio is too high, the filter radius will round to 0, is which case try using
1 or skipping as necessary

domain=fspecial('disk',f radius)>0;

img = ordfilt2(I12,round(0.5*numel(find(domain))),domain);

img = medfilt2(12);

radius_min = round(200/nm_px);

% Minimum CD = half diameter (radius) = 320nm
radius_max = round(350/nm_px);

% Maximum CD = half diameter (radius) = 700nm

% can change radius_min and radius_max as necessary

[centres , radii] = imfindcircles( img , [radius_min radius_max] ,'ObjectPolarity’ , 'bright'

, 'Sensitivity', 0.97, 'EdgeThreshold',0.15);
% find circles, save results in centres, radii
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% Look at http://www.mathworks.co.uk/help/images/examples/detect-and-measure-
circular-objects-in-an-image.html?prodcode=IP&language=en

% stop any double counting
for i=1:length(centres)
for j=i+1:length(centres)
if( ( abs( centres(i,1) - centres(j,1) ) < tol ) && ( abs( centres(i,2) - centres(j,2) ) <
tol))
radii(j)=0;
centres(j,1)=0;
centres(j,2)=0;
end
end
end

radii( all(~radii,2), : ) =[];
centres( all(~centres,2), : ) =[];

% show detected features
figure(1);

imshow(Ic)

title('Input image");

loc1 = strcat(name,"\Input.png");
saveas(gcf,locl);

figure(2);

imshow(img)

h = viscircles (centres , radii);

% overlay the circles found
title('Detected features');

loc2 = strcat(name,"\Features.png');
saveas(gcf,loc2);

% how many spheres
no_centres = length(centres);

radii_nm = (radii*nm_px);
diameter = radii_nm™*2;

D_loc = strcat(location,"\',;name,"\diameters.xIsx");

xlswrite(D_loc,diameter);

% descriptive statistics
CD_mean = mean(diameter);
CD_median = median(diameter);
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CD std = (std(diameter));

CD_3sig = (std(diameter))*3;

CD mad = mad(diameter);

CD_mad 3sig = (mad(diameter))*1.253*3;

% generate histogram
[hi_dia,diametercentres] = hist(diameter, 50);
his_dia = [diametercentres(1,:);hi_dia(1,:)];
histogram_d = (his_dia.");

indices_d = find(histogram_d(:,2)==0);
histogram_d(indices d,:) =[];

H loc = strcat(location,'\',name,"\histograms.xlIsx');
xlswrite(H_loc,histogram_d);

% fit histograms to gaussian plot

figure(3);

[gauss d,gof d] = fit(histogram_d(:,1),histogram_d(:,2),'gauss1");
coeffl = coeffvalues(gauss_d);

strg = sprintf('Gaussian with Xc = %f,coeff1(1,2));
plot(gauss_d,histogram_d(:,1),histogram_d(:,2));
xlabel('Diameter/nm");

ylabel('frequency');

title(strg);

loc3 = strcat(name,"\Gaussian.png');
saveas(gcf,loc3);

% fit Lognormal and gaussian for combined plot
[parmhat,parmci] = lognfit(diameter);
[mu,s,muci,sci] = normfit(diameter);

% plot graph and overlay

figure(6);

scatter(histogram_d(:,1),histogram_d(:,2),'g");

hold on

SF = 6;

% the 6 in the line here is a scaling factor to the line plots match up with the scatter plot,
may need to be adjusted.
plot(histogram_d(:,1),SF*no_centres*normpdf(histogram_d(:,1),mu,s),'b");

hold on

plot(histogram_d(:,1),SF*no_centres*lognpdf(histogram d(:,1),parmhat(1),parmhat(2)),
™);

str = sprintf('Gaussian Xc %f, LogN Xc %f',mu,exp(parmhat(1)));

title(str);

xlabel('Diameter/nm");
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ylabel('frequency');
legend('scatter','Gaussian','Lognormal’);

loc6 = strcat(name,"\Gauss&LogN.png');
saveas(gcf,loc6);

% Trying manual input equation

% figure(4);

% gaussLogn = 'a*exp(-((x-b)/c)"2)+d*exp(-((log(x-¢))/)*2)+g";

% Lognfit = 'a*exp(-((log(x-b))/c)"*2)";

% startPoints = coeffvalues(gauss d);

% fitl = fit(histogram_d(:,1),histogram_d(:,2),Lognfit,'Start', startPoints);
% coeffvals = coeffvalues(fitl);

% plot(fitl,histogram_d(:,1),histogram_d(:,2));

% more stats

gauss_centre = mu,

gauss_sig =s;

logn_center = exp(parmhat(1));
logn_sig = exp(parmhat(2));

% write stats to table

Title = {name};

T1 = table(Title,CD_mean,CD_median,CD_std,CD_3sig,CD _mad,CD_mad_3sig,...
no_centres,gauss_centre,gauss_sig,logn_center,logn_sig,'Rownames', Title);

T=[T;Tl];

% save data to location
T1 loc = strcat(location,'\',name,"\Statistics.xlsx");
writetable(T1, T1 loc);

figure(5);

imshow(img)

title('Enhanced image');

loc5 = strcat(name,"\Enhanced image.png');
saveas(gcf,locd);

close all
clearvars -except location contents T

end
% save data to location

T 1= strcat(location,"\Stats.xIsx");
writetable(T, T_1);
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Chapter 3

Biomimetic Spherical Silica Production using

Phosphatidylcholine and Soy Lecithin

This chapter has been submitted for publication. Consequently, sections of the chapter

such as the abstract and introduction may contain repeating concepts and paragraphs.

Curley, R., Banta, R.A., Garvey, S., Holmes, J.D. & Flynn, E.J. Biomimetic Spherical

Silica Production using Phosphatidylcholine and Soy Lecithin.
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3.1 Abstract

Spherical silica particles are traditionally made via Stober and modified-Stober processes,
which commonly use environmental toxins as reagents. Here we report a process to
synthesise spherical silica particles using environmentally friendly biomolecules
(phosphatidylcholine and soy lecithin) and employing water and soybean oil as a solvents,
rather than potentially harmful organic solvents. The spherical silica particles we
synthesised are among the most monodisperse of any silica particles produced through
biomolecule templating agents in the literature to date. This scalable method represents
an important step towards sustainable industrial silica syntheses. Under mildly acidic
conditions phosphatidylcholine and soy lecithin can control the condensation of sodium
silicate to form discrete, spherical silica particles. Silica particles with diameters ranging
between 329 nm to 2232 nm were readily produced using phosphatidylcholine as the
templating agent and soybean oil as the solvent in the presence of sodium silicate.
Narrower size distributions (262 nm — 1272 nm) were achieved using soy lecithin as the
templating agent in an aqueous acetate buffer solution containing sodium silicate. Silica
particles grown using low concentrations of phosphatidylcholine and soy lecithin as
templating agents formed by a combination of coalescence and Ostwald ripening, whilst
particles grown at high concentrations predominantly formed through Ostwald ripening

behaviour.
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3.2 Introduction

Finding sustainable and environmentally friendly alternative routes to produce spherical
silica is critical. Spherical silica particles are one of the most important and versatile
mineral materials produced industrially with many integral uses in catalysis, adsorption,
chromatography, sensors and drug delivery.!® However, production of spherical silica
currently relies on environmentally damaging and unsustainable processes (namely
Stober and modified-Stober processes), such as ammonium hydroxide, quaternary
ammonium surfactants, e.g. cetyltrimethylammonium bromide (CTAB), alcoholic
solvents, and various alkoxysilanes. Ammonium hydroxide and CTAB control the
morphology of the particles by acting as structure-directing agents (SDAs) and the way
in which they act is described in detail in sections 1.2.3 and 1.2.4. However, these reagents
have adverse environmental effects due to their toxicity.” ! Nevertheless, these SDAs are
required to form spherical particles. Therefore, any sustainable process for producing
spherical silica particles needs to address the inherent environmental issues of the Stober

processes while also maintaining the ability to control the morphology of the particles.

Biomineralisation, the process by which biological systems create complex, hierarchical,
mineral structures, often out of silica, from simple starting materials may offer the solution
to forming particles in an environmentally friendly process.'? Synthesis of bioinspired
nanomaterials is a vibrant area of research.!*~'® Within the natural World’s producers of
complex, hierarchical, silica structures, diatoms have been widely studied.!”?° These tiny
creatures can create intricate cell walls made of silica nanoparticles arranged in highly
ordered structures over a variety of scales, from nanometres up to several hundred

microns.?! Nanofabrication of silica in diatoms occurs under ambient conditions at

133 |Page



slightly acidic pH and results from specific interactions between biomolecules and silicic
acid derivitives.?? Some of the first discovered biomolecules that were responsible for
controlling silica polymerisation were cationically charged polypeptides called silaffins.??
Other important molecules isolated from various diatoms are long-chain polyamines
(LCPAs). These silaffins and LCPAs are species-specific molecules, but both have been

shown to induce rapid silica condensation in vitro.'®

How these biomolecules exert such fine control over the biomineralisation process is still
not fully understood. Early studies focused on small biomolecules such as amino acids
and peptides to provide insight into this process. Wallace et al.>* studied the effects of
carboxyl-terminated surfaces and amine-terminated surfaces on silica nucleation in vitro.
They found that carboxyl-terminated surfaces were able to induce silica nucleation under
ambient conditions and at slightly acidic pH. In contrast, amine-terminated surfaces failed
to induce silica nucleation under identical conditions. When combining both carboxyl-
and amine-terminated surfaces, they found that the silica nucleation rate was 18 times
faster than carboxyl-terminated surface alone, indicating that molecules, such as peptides
and proteins, that contain carboxyl and amine groups in close proximity, play a crucial
role in silica formation. The mechanism of how peptides induce nucleation of silica can
be explained by looking at the charge relay effect of enzymes. Enzymes such as
transferases contain what is referred to as a catalytic triad, containing three main
components: acid, base, and nucleophile.?> The mechanism of this catalytic triad charge
relay mechanism is as follows: the base residue is activated due to deprotonation from the
acid residue, which is in close proximity. Once the base residue is activated, it in turn

activates the nucleophile. The activation of the nucleophile is a result of the catalytic triad
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acting synergistically to lower the pKa. of the nucleophile.?® For the above study, the
carboxyl groups act as the acid which activates the amine group. The amine group then
induces the polymerisation of silica by acting as a nucleophilic catalyst. This behaviour
of the charge relay effect and its influence on silica condensation was studied in detail by

1.2” They synthesised homopolypeptides of lysine (K10) and histidine (H1o); and

Kuno et a
block polypeptides of lysine/aspartic acid (KsDs) and histidine/aspartic acid (HsDs),
consisting of two chains of each peptide linked together; and alternate polypeptides of
lysine/aspartic acid [(KD)s] and histidine/aspartic acid[HD)s], consisting of an alternating
chain of two peptides. They found that the catalytic activity of the alternate polypeptides

was higher because the acid and base residues were in close proximity and could more

readily induce silica condensation via the charge relay mechanism.

There have been numerous attempts to synthesise silica biomimetically using the
knowledge obtained from silica biomineralising organisms. Use of amino acids and
polyamines has been extensively studied due to the discovery that such compounds play
an integral role in silica biomineralisation in vivo. 2*° The interaction of the amines with
oligomeric silicate species is thought to occur via electrostatic interactions and/or
chemical reaction depending on the reaction conditions used. However, many of these
studies, while successfully employing biomimetic principles to synthesis silica, use
TEOS, ammonia and ethanol, which as mentioned are not conducive to a sustainable
synthesis. Furthermore, they use various polyamines and cyclic amines which are not
naturally occurring and must be synthesised synthetically. The ultimate goal of

synthesising silica biomimetically is to use renewable reagents and environmentally
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benign synthesis conditions. Naturally occurring biomolecules can provide this

opportunity.

To date, there are fewer scientific reports on producing spherical silica particles from
more complex biomolecules through methods that seek to mimic natural processes. Most
studies using biopolymers specifically have resulted in agglomerated and highly size-

13! studied silica

polydisperse and non-spherical particles. For example, Demadis ef a
formation from sodium silicate in the presence of phosphonomethylated chitosan,
polyethyleneimine, and carboxymethylinulin. They found that in all cases, silica
precipitation was observed with a size range of 150 nm — 2 um. However, discrete and

1.32

spherical particles were never obtained. Gautier et al.’” investigated the influence of

gelatin/alginate mixtures on sodium silicate condensation. Again, silica precipitation
occurred, but the silica structures generated were undefined and agglomerated. Jia et al.*?
also used gelatin to form silica from tetramethyl orthosilicate, however spherical silica
particles were not produced, only porous, agglomerated structures. In two separate
studies, Coradin et al.*** explored the interaction of bovine serum albumin (BSA) and
lysozyme on sodium silicate solutions, and the interaction of amino-containing peptides
on sodium silicate solutions. In both studies, the biopolymers were able to produce silica
from sodium silicate solutions. While some degree of sphericity could be discerned from
the SEM images of the particles produced with BSA and lysozyme, the particles were
non-uniform and are highly agglomerated. Furthermore, no size analysis was performed

on these particles. Similarly, their silica prepared using peptides consisted of non-

spherical agglomerates.
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The studies discussed above show that morphological control is possible with certain
biomolecules depending on their physicochemical properties. Detailed summaries on the
role these biomolecules play in biomineralisation are provided elsewhere.’®® These
biomolecules are able to induce silica polymerisation while also controlling morphology.
The role surfactants, such as CTAB, play in the condensation of silica has been
thoroughly investigated.?*** They act as SDAs, controlling the silica particle morphology
during synthesis which arrange themselves into micelles when a critical micelle
concentration (cmc) is reached. In traditional CTAB and tetraethyl orthosilicate (TEOS)-
based modified-Stober reaction systems, alcohol acts as a mutual solvent for both water
and TEOS. Thus, hydrolysis and condensation of silica occurs at the shell of the SDA
micelles. Once TEOS is hydrolysed, oligomeric silicate species are produced. These
negatively charged species interact electrostatically with the positively charged
quaternary ammonium SDAs.*’ Electrostatic interactions mediate particle growth, while

also preventing agglomeration of the particles, yielding discrete, spherical silica particles.

Using biomineralisation as a starting point, we identified phosphatidylcholine (PC) and
soy lecithin (SL) as ideal candidates to replace CTAB in the Stdber processes. These
biomolecules contain carboxyl and amine groups in close proximity, which, as mentioned
above, improves the nucleation rate of silica greatly. Phosphorylation present in proteins
responsible for biosilicification has been shown to be integral for silica
polymerisation.?*** PC and SL contain structurally similar phosphoryl groups. They also
contain large hydrophobic tails of fatty acids and hydrophilic headgroups similar to
CTAB. Specifically, the presence of quaternary ammonium cations in the headgroup of

PC and SL, like CTAB, is important for morphological control. Figure 1.6 shows the
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structural similarities between PC, SL, and CTAB. Yokoi et al.*® studied the effects that
lysine had on the polymerisation of TEOS and found that the lysine acted as a weak base
catalyst promoting the hydrolysis of TEOS. The lysine was subsequently adsorbed onto
the forming silica surface through electrostatic interaction between the -NH4" groups of
the lysine and the OH™ groups of the silica surface, enabling morphological control of the
particles by preventing agglomeration. Similar studies investigating the effects of
polyamines on silica polymerisation suggest electrostatic interactions along with their
emulsion droplet formation play an integral role in the morphological control of the
silica.!'®4647 However, this amine-silicate interaction can also proceed through chemical

1% chose tetramethylethoxysilane (TMES) as the silica precursor

reaction. Delak et a
because at the pH used in the study (pH 5.5), TMES, and its hydrolysed intermediate
tetramethylsilanol, is neutral. Therefore, electrostatic interactions between the amines and
the silicate species cannot occur. However, the amines catalytic activity was still evident.
The lone pair on the nitrogen is thought to chemically attack the silica precursor, forming
a pentacoordinate intermediate which increases the lability of ethoxy bond of TMES,
making hydrolysis more facile. Subsequent condensation and morphological control
achieved through the emulsion stability provided by the amines leads to silica formation.
Further evidence for this chemical mechanism is provided by Masse et al.** It is clear that

the emulsion stability provided by these amines along with the electrostatic interactions

and/or chemical catalysis plays an integral role in silica polymerisation.

Lecithin is widely used as an emulsion stabiliser in food products and it also contains
quaternary ammonium groups similar to CTAB and the amines responsible for silica

biomineralisation. Therefore, lecithin has potential to act as an SDA in spherical silica
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synthesis. For example, Galarneau et al.>

used lecithin/dodecylamine mixed micelles to
synthesis sponge mesoporous silica in which lecithin was directly involved in silica
morphogenesis. Furthermore, Chung et al®' highlighted the important emulsion-
stabilising property of lecithin in oil-in-water emulsions. They found that the emulsion
droplets were highly stable in the presence of lecithin between pH 5-7 (the pH used in this
study is 5.92) due to electrostatic repulsion preventing agglomeration of the droplets. It is
likely that these properties are the reason that silica is formed so readily in the presence
of lecithin, while in its absence no particles are formed. Therefore, in order for our
proposed biomolecule replacements for CTAB — PC and SL — to function as SDAs, they

must be capable of forming structures in the reaction solvent which promote and control

silica polymerisation.

SL is a waste product obtained from crude soy oil after degumming. Valorisation of waste
streams is an important aspect of the circular economy aimed at reducing waste, while
utilising renewable resources. This is in stark contrast to petrochemical surfactants such
as CTAB, which are non-renewable and environmentally damaging. Furthermore, we use
buffered media as the catalyst for hydrolysis, eliminating the need for ammonium
hydroxide. The use of such biomolecules permits further reductions in the environmental
impact of the Stdber silica production process, as such biomolecules can be processed
using water-based chemistries and so permit the greatly reduced use of petrochemically
derived solvents; which can be highly toxic, can damage environments and ecosystems,
and come with large embedded environmental costs due to their methods of manufacture

and source material, i.e. oil.
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3.3 Experimental

3.3.1 Materials

Sodium silicate (10.6 % NazO, 26.5 % SiO>) from Sigma Aldrich was used as the silicic
acid source, as it is analogous to the natural form of soluble silica. Soy Lecithin (SL) was
purchased from Modernist Pantry. Buffer solution was 0.05 M acetate (pH 5.92) and was
prepared in distilled water. L-a-Phosphatidylcholine (PC) (assay: > 40 %

phosphatidylcholine, TLC; > phosphatides (as acetone insolubles)) and soybean oil were

purchased from Sigma Aldrich.

3.3.2 Silica preparation using L-a-phosphatidylcholine and soy lecithin

Sodium silicate was added to 50 ml soybean oil under stirring. Aliquots of L-a-
phosphatidylcholine stock solution (10 mg ml™! of L-a-phosphatidylcholine in an aqueous
solution of 0.05 M acetate buffer, pH 5.92) were subsequently added. For preparation
using soy lecithin, the procedure is similar except 50 ml acetate buffer (0.05 M, pH 5.92)
was used as the reaction medium and aliquots of soy lecithin stock solution (20 mg ml™!
soy lecithin in an aqueous solution of 0.05 M acetate buffer, pH 5.92) were used. The
reaction solution was stirred in a closed vessel at room temperature and left to age
overnight. This solution was then centrifuged at 14,000 rpm in an Eppendorf® MiniSpin
Plus microcentrifuge and washed using minimal water, ethanol, and acetone. The sample
was then dried. Table 3.1 shows the experimental conditions for silica preparation using

L-a-phosphatidylcholine and soy lecithin.
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Table 3.1 Experimental conditions of syntheses using PC and soybean oil, and SL.
Replicated in triplicate and data combined.

SO SS PC PC Acetate SS SL SL
(ml) (uL) (mg) (mgml) Buffer (L) (mg) (mgml)
[0.05 M]
(ml)
PC1 50 500 1 0.02 SL1 50 820 0.2 0.004
PC2 50 500 5 0.1 SL2 50 820 2 0.04
PC3 50 500 10 0.2 SL3 50 820 4 0.08
PC4 50 500 20 0.4 SL4 50 820 100 1.8

SO, soybean oil; SS, sodium silicate; PC, phosphatidylcholine; SL, soy lecithin

3.3.3 Characterisation

Scanning Electron Microscopy (SEM) was used to obtain images of the silica particles.
SEM analyses were carried out on an FEI Inspect and Quanta 650, operated at either 10
or 15 kV. Each sample was adhered to a stainless-steel stub (stage) via double-sided

carbon tape.

Elemental characterisation was acquired using energy-dispersive X-ray spectroscopy
(EDX) on the FEI Quanta 650 instrument using Oxford Instruments INCA software.
Particle diameters were determined using Imagel image analysis software and statistical

analyses were done in OriginLab OriginPro 9.0 software.

Dynamic light scattering (DLS) measurements were conducted on a Malvern Panalytical
Zetasizer Nano ZSP using non-invasive backscattering (NIBS) technology. The scattering
angle was set at 173° and the measurement temperature was set to 20 °C. Samples were
dispersed in ethanol and sonicated to give a stable solution prior to analysis. Mean size

and polydispersity index (PDI) were determined using Cumulant analysis.

X-Ray Photoelectron Spectroscopy (XPS) spectra were acquired on an Oxford Applied

Research Escabase XPS 230 System equipped with a CLASS VM 100 mm mean radius
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hemispherical electron energy analyser with multichannel detectors in an analysis
chamber with a base pressure of 5.0 x 10 mbar. A pass energy of 50 eV, a step size of
0.7 eV and a dwell of 0.3 s was used for survey spectra which were swept twice. All core
level scans were acquired with a step size of 0.1 eV, a dwell time of 0.1 s and a pass
energy of 20 eV averaged over 10 scans. A non-monochromated Al-Koa X-ray source
(1486.58 eV) at 100 W power (10 mA, 10 kV) was used for all scans. All spectra were
acquired at a take-off angle of 90° with respect to the analyser axis and were charge
corrected with respect to the C 1s photoelectric line at 284.8 eV. Synthetic peaks are
Gaussian in shape. The relative sensitivity factors used are from a CasaXPS library

containing Scofield cross-sections.

Nitrogen sorption measurements were performed on a Micromeritics TriStar II surface
area analyser (Micromeritics, Norcross, GA, USA). Samples were pre-treated by heating
at 200 °C under nitrogen for 12 hours. Surface area was measured using the Brunauer-
Emmett-Teller (BET) method. Pore volume and pore diameter data was calculated using
the Barrett, Joyner and Halenda (BJH) method. Specific surface areas were calculated

from the measured relative pressure in the range of P/Po=0.01 to P/Po= 0.3.

3.4 Results & Discussion

Molecules like CTAB, which function as SDAs in modified-Stober processes, produce
spherical silica particles by forming micelles in the reaction solvent, promoting silica
condensation at the surface of the micelles. The SDA controls the rates of hydrolysis and
condensation and controls the shape by adsorbing onto the surface of the growing
particle.”*>52->* The long-chain, hydrophobic, hydrocarbon tail group combined with the

charged headgroup of CTAB permits this micellar activity. Both PC and SL contain
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structural features akin to CTAB — hydrophobic, long-chain fatty acid residues, and
quaternary ammonium headgroups, which are functionally similar to CTAB’s head and
tail groups (see Figure 1.6). In the same way these properties enable CTAB to form
micelles in solution, PC and SL can form similar structures via bilayers.’*>=7 To test
this, we obtained DLS data of PC and SL in solution. Dynamic light scattering (DLS) was
used to analyse bilayer formation of PC and SL in the reaction solvent (aqueous solution
of 0.05 M acetate buffer at pH 5.92). Figure 3.1A shows that PC forms possible bilayer
aggregates at all concentrations tested in acetate buffer solution. Increasing the
concentration of PC had little effect on the structure size. At all concentrations of PC, the
peak 1 mean is relatively consistent (see Table A3.1 in section 3.7 Appendix). Peak 2 is
due to the formation of large aggregates which commonly form in biomolecule solutions.
However, the effect of these large aggregates on the determination of the structure size
(peak 1) is negligible at such low intensity.”® The polydispersity index (PDI) for each
concentration also did change much (see Table A3.1 in section 3.7 Appendix). The mean

PDI for PC was 0.349.

143 |Page



=]
-
(=]

—— 0.01 mg ml"
0.02 mg mI"'
—— 0.03 mg mI"
0.04 mg ml"
——— 0.05 mg mI'
—— 0.06 mg mI"
—— 0.07 mg ml"
—— 0.08 mg mI'"
—— 0.09 mg mI"
0.10 mg ml" |

CS2NWAND DO

4,/.5 Intensity (%)

£
Correlation Coefficient

L T L T L T T T
0.1 10 1000 100000 1E7 1E9
Time (ps)
1.0

——0.01 mg mI"
——0.02 mg ml"
——0.03 mg mI"

0.04 mg ml’
——— 0.05 mg ml"
——0.06 mg mI"
——0.07 mg ml"
——0.08 mg mI"
——0.09 mg mI"

0.10 mg ml’

0.8 4

Intensity (%)

Coamwaao
'
4

o
2
7S

0.4

Correlation Coefficient

0.2

10000 0.0 T T T T T T T T
041 10 1000 100000 1E7 1E9

1000
Diameter (nm)

Time (ps)

Figure 3.1 PSD data and correlograms from DLS measurements of (a)
phosphatidylcholine in acetate buffer (0.05 M, pH 5.92) and (b) soy lecithin in acetate
buffer (0.05 M, pH 5.92) at various concentrations.

Similarly, DLS data (Figure 3.1B) shows that SL likely forms bilayer aggregates at all
concentrations tested in acetate buffer solution. The PSD for SL in acetate buffer (Figure
3.1B) shows a bimodal distribution which varies depending on concentration. Table A3.1
(section 3.7 Appendix) shows how the peak means change with concentration. The
average PDI is 0.423, which is higher than for PC in the same system and the same
concentrations. In fact, Table A3.1 (section 3.7 Appendix) shows that the PDI for SL is
higher than that of PC at all concentrations. This difference in peak shape and PDI is
expected because SL is less refined than PC and contains a higher number of different
phospholipids. The greater variety of fatty acid chain length contributes to larger variation

if the aggregate size, hence higher polydispersity. However, DLS is highly sensitive to
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sample preparation techniques and the method used to analyse the method used to analyse
the correlation function. Cumulant analysis, such as used here is most commonly used as
it is a simple model and gives a good general estimate of the distributions. If more precise
detail about the size distribution is required then more complex analysis methods such as
CONTIN can be used but require that prior assumptions are made about the size
distribution. However, for the purposes required here of acquiring a general estimate of

the biopolymer size distributions, Cumulant analysis is sufficient.

Figure A3.1 (section 3.7 Appendix) shows results from control experiments in which no
PC or SL was used in the reaction system. In the absence of the biomolecules no spherical
silica particles are formed, only unstructured monoliths. Based upon the results of these
control experiments we could draw the following conclusions: (i) Spherical silica particles
could not form under our proposed reaction conditions, without the presence of a
structural directing agent in the reaction (ammonium hydroxide loses its structure-
directing ability at this acidic pH). (ii) CTAB is known to function as a structural directing
agent for formation of silica particles and the shape of the particles is influenced by the
CTAB micelles along with the its quaternary ammonium headgroup.*®*'** PC and SL
both contain quaternary ammonium headgroups similar to CTAB. As discussed earlier,
the presence of these groups have been shown to be integral in biomineralisation by

catalysing and directing silica formation.
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3.4.1 Silica Production via Phosphatidylcholine (PC)

To test the ability of SL to form spherical silica particles in our proposed process, we first
performed syntheses using PC in soybean oil and buffered solution. Lecithin is a mixture
phospholipids, containing  mainly PC,  phosphatidylethanolamine  (PE),
phosphatidylinositol (PI), minor compounds such as phosphatidic acid (PA), and other
substances (triglycerides, carbohydrates, etc.).”® PC is the lecithin component most
structurally similar to CTAB. PC took the place of CTAB as the structure-directing agent.
Sodium silicate, which undergoes hydrolysis under acidic conditions to form Si(OH)a,
was used as the silica precursor, and was chosen as it is water-soluble and a close analogue
to natural silicates. In dilute solutions, silicic acid undergoes polymerisation and
condensation to form silica particles.** Zwitterionic compounds, such as PC, can
electrostatically interact with the negatively charged oligomeric silicate species formed
upon hydrolysis of sodium silicate. Acetate buffer was used as the catalyst for hydrolysis,
in place of ammonium hydroxide. Soybean oil was used as the reaction medium, in place

of ethanol, in this first experimental iteration.

Spherical particles were successfully produced using PC (Figure 3.2). Given the results
of our control experiments without an SDA present, we can conclude that the spherical
particles are due to the presence of PC in the system. At 0.02 mg ml! PC, spherical
particles were observed with some agglomeration present (Figure 3.2A). At 0.1 mg ml™!
PC, spherical particles were also observed but with increased agglomeration (Figure
3.2B). At 0.2 mg ml! PC, spherical particles were observed with no agglomeration

(Figure 3.2C). At 0.4 mg ml! PC, spherical particles were observed with some
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agglomeration (Figure 3.2D). From these observations, it is clear that 0.2 mg ml"' PC

produced the most discrete particles.

Figure 3.2 SEM micrographs of silica particles produced using phosphatidylcholine. (a)
0.02 mg ml'! PC (PC1), (b) 0.1 mg ml"" PC (PC2), (c) 0.2 mg ml"" PC (PC3), and (d) 0.4
mg ml"' PC (PC4). All reactions done in 50 ml soybean oil with 500 uL sodium silicate at
room temperature. Scale bars are 2um.

PSDs obtained when using PC (Figure 3.3) show that the silica particles formed were
polydisperse (multiple peaks). Figure 3.3A shows a relatively broad particle size range
and three distinct, widely separated, peaks at 329 nm, 1326 nm, and 2132 nm at 0.02 mg

ml! PC. Note also that Figure 3.3A exhibits log-normal characteristics at small diameters,
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indicating coalescence at 0.02 mg ml™! PC. Coalescence is the fusion of smaller particles
to form larger particles, resulting in a reduction in surface energy. Larger particles have a
lower, stabler, more favoured energy state than smaller particles and this is what drives
the process. Coalescence can be identified in the PSD by a log-normal distribution.
Combination of particles of different sizes to form particles of larger size results in right-
skewed distribution, i.e., log-normal. Increasing PC concentration from 0.02 mg ml™! to
0.1 mg ml™! (Figure 3.3B) results in an increase in particle diameter and polydispersity,
represented by an increase in number of peaks at 0.1 mg ml! PC (6 peaks) in comparison
to 0.02 mg ml™! PC (3 peaks). These six peaks at 0.1 mg ml! PC are at 380 nm, 557 nm,
886 nm, 1407 nm, 1730 nm, and 2232 nm. This wide range of diameters, indicates
decreased morphological control, resulting in high polydispersity at 0.1 mg ml' PC.
Further increasing the concentration of PC to 0.2 mg ml! sees a reduction in size range
and in the number of peaks observed (3 peaks) (Figure 3.3C) indicating greater control
of particle size at this PC concentration. These three peaks have means of 344 nm, 618
nm, and 849 nm. These peaks at 0.2 mg ml! PC are similar to those observed at 0.1 mg
ml! except the peaks at the larger diameter (1407 nm, 1730 nm, and 2232 nm) disappear,
suggesting that PC is exerting greater morphological control at 0.2 mg ml! than 0.1 mg
ml!. Increasing PC concentration further still, to 0.4 mg ml"! (Figure 3.3D), the number
of peaks increases to four (161 nm, 299 nm, 1353 nm, and 1589 nm). However, the
FWHM of these peaks also decreases significantly, indicating that the polydispersity at
these peak diameters has decreased. These changes in particle size and polydispersity
broadly correlate with the DLS data. Figure A3.2 (section 3.7 Appendix) shows how the

Z-average diameter of the bilayer structure changes with concentration of PC. At 0.02 mg
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ml! PC the mean diameter is 95nm, at 0.1 mg ml™! it is 115nm, at 0.2 mg ml™! it is also
115nm, and at 0.4 mg ml™! it is 116 nm. Figure A3.3 (section 3.7 Appendix) shows how
the PDI changes with concentration. At 0.02 mg ml™! the PDI is 0.357, at 0.1 mg ml™! it is
0.394, at 0.2 mg ml! it is 0.388, and at 0.4 mg ml™' it is 0.397. While the Z-average
diameter increases with increasing PC concentration, this increase may be a result of
aggregation or flocculation of PC at higher concentrations. Accordingly, it is difficult to
determine whether this has any significant effect on particle size. Though, higher

concentrations of PC do seem to reduce the level of polydispersity of the particles.
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Figure 3.3 PSDs of silica particles produced when using PC (a) 0.02 mg ml"' PC (PCI),
(b) 0.1 mg mI'l PC (PC2), (c) 0.2 mg mlI'! PC (PC3), and (d) 0.4 mg ml"! PC (PC4). All
reactions done in 50 ml soybean oil with 500 ul sodium silicate at room temperature.
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Figure 3.3D also gives a clear indication that Ostwald ripening is occurring. The peaks
on the smaller diameter side shift left, while larger particles over 1350 nm begin to
emerge. Ostwald ripening is the growth of large particles at the expense of smaller
particles, rather than a fusion of smaller particles, which occurs due to the unfavourably
high surface energy increase associated with the phase transition from homogenous
solution to solid particle.®® In order to minimise this surface energy increase, smaller
particles redissolve and reactive units (either monomers or small aggregates) diffuse to
the surface of larger particles to continue growth. A mathematical description of Ostwald
ripening called the LSW model was given by Lifshitz and Slyozov®' and Wagner.®* Using
the precepts of this model it is possible to determine which of the growth processes,
coalescence or Ostwald ripening, is the dominant one by examining PSDs.%® Ostwald
ripening occurs via the transfer of material from smaller particles to larger particles. Thus,
the LSW model produces a characteristic left-skewed distribution, as seen in Figure 3.3A.
One of the assumptions of the LSW model is that the solution is infinitely dilute. A
consequence of this is that particle interaction is absent from the model and no particle
greater than 1.5 times the mean particle diameter can exist. Thus, to account for particle
interaction, the LSW model must be modified, and a Gaussian fit provides a better

description, 506465

which is precisely what we applied to our own data. Insights into the
growth mechanism of silica particles can be gleaned from examination of the PSDs
obtained. Post nucleation, particle growth typically occurs by Ostwald ripening and
coalescence processes. There is no acute distinction between coalescence and Ostwald

ripening. Both processes coexist and overlap during particle formation. By understanding

how changes in experimental conditions affect particle growth processes, particularly the
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extent to which coalescence or Ostwald ripening dominate, one can optimise a synthesis.
Depending on which growth process dominates, the monodispersity of the final particles

can be positively or negatively impacted.

One possible explanation of the data shown in Figure 3.3 is that at low PC concentration,
a mixture of coalescence and Ostwald ripening occurs, indicated by the presence of both
log-normal and Gaussian peaks. However, at higher concentration, Ostwald ripening
appears to become the dominant process as indicated by the presence of Gaussian peaks.
The data indicate that when transitioning from a mixed (coalescence and Ostwald
ripening) growth process to one dominated by Ostwald ripening, the system undergoes a
brief period of instability (Figure 3.3B). This transition is characterised by maxima in
polydispersity and particle size range. Although the spherical morphology of the particles
is still maintained, indicating that PC is continuing its SDA role, the growth mechanics
are not as well defined. Transition to a growth mechanism dominated by Ostwald ripening
at high PC concentrations means better control of polydispersity. This is seen in the
Gaussian distributions and narrow peak size (Figure 3.3C and D). As outlined above, this
Gaussian distribution is preferable to a log-normal (coalescence) one that skews to larger
diameter. Thus, we can possibly optimise monodispersity and size range with high PC

concentration.

3.4.2 Silica Synthesis via Soy Lecithin

Next we investigated whether SL - the less refined source of PC — could function as an
SDA and produce spherical particles. SL would be a more sustainable structure-directing
agent to use because it requires less processing than PC. It is commonly used as a food
additive and is readily available and inexpensive. Furthermore, the physicochemical
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properties of SL, such as its ability to form bilayers and its structural similarities to CTAB,
make it a prime candidate as an SDA in sustainable spherical silica synthesis. Based on
our results with PC - the major, CTAB-like component of SL - we expected that spherical
silica particles could also be formed using SL. However, in order to increase the
sustainability of our process, soybean oil was no longer used as the reaction medium as
its production has its own environmental costs. Instead, the ability of SL to form spherical

particles in aqueous acetate buffer was investigated.

Figure 3.4 shows that spherical particles were successfully produced using SL. Given the
results of our control experiments, we can conclude that the spherical particles are due to
the presence of SL in the system. At 0.004 mg ml™! SL, spherical particles were observed
with some agglomeration present (Figure 3.4A). At 0.04 mg ml! SL, spherical particles
were also observed with agglomeration (Figure 3.4B). At 0.08 mg ml™! SL, spherical
particles were observed with some agglomeration (Figure 3.4C). At 1.8 mg ml' SL,
spherical particles were observed with no agglomeration (Figure 3.4D). From these
observations, it is clear that 1.8 mg ml"' SL produced the most discrete particles. It is
worth noting however, that the quality of the particles is still something to be improved
upon. Some non-spherical artefacts remain in the sample, therefore the PSDs were

obtained by sizing the spherical particles only.
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Figure 3.4 SEM micrographs of silica particles produced when using SL with various
aliquots of SL (a) 0.004 mg ml! SL (SL1), (b) 0.04 mg mI'1 SL (SL2), (c) 0.08 mg ml"! PC
(SL3), and (d) 1.8 mg ml"! SL (SL4). All reactions done in 50 ml acetate buffer (0.05M,
pH 5.92) with 820 uL sodium silicate at room temperature. Scale bars are 2um.
Background in (a) is carbon tape.

PSDs of these particles were lower and had narrower size ranges, mostly below 1000 nm
(Figure 3.5), in comparison to silica particles produced by PC. This is seen in the PSDs,
where fewer peaks are present. Increasing the amount of SL from 0.004 mg ml™! to 0.04
mg ml! shifts the PSD to larger diameter while also increasing the size polydispersity
(Figure 3.5A and B). Figure 3.5A shows a unimodal distribution with Gaussian fitting
(R? = 0.97) with a mean particle diameter of 262 nm (0.004 mg ml" SL). Figure 3.5B
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shows a peak with a shoulder fitted with a combination of log-normal and Gaussian curves
(R? = 0.75). Fitting log-normal or Gaussian alone results in a lower R? value. Peak 1 has
a mean of 302 nm and peak 2 has a mean of 550 nm (0.04 mg ml™! SL). This suggests the
onset of Ostwald ripening because there is a shift from a log-normal to a Gaussian
distribution, while also resulting in a shift to larger diameter and an increase in small
particles. A further increase in the amount of SL shifts the PSD to larger diameter with a
decrease in polydispersity and a unimodal distribution with Gaussian fitting (R? = 0.97)
with mean of 496 nm (0.08 mg ml! SL, Figure 3.5C). Increasing the SL concentration to
1.8 mg ml! results in two peaks with Gaussian fitting (R> = 0.97) with means 342 and
1272 nm (Figure 3.5D). This shift to smaller diameters and the emergence of a peak at
1272 nm suggest Ostwald ripening is taking place.®® This trend of increasing particle size
with increasing SL is similar to that seen when using PC. However, compared to the
increases with PC, they are not accompanied by large increases in polydispersity, and
while the particle size generally increases with SL concentration, the size range reduces

to a substantially narrower range than seen for PC.

Overall, the data suggest that coalescence and Ostwald ripening are both occurring
(Figure 3.5B). However, at higher SL concentrations the growth process transitions to
one dominated by Ostwald ripening. This is comparable to the growth dynamics seen
when using PC. However, the drastic transition from a mixed (coalescence and Ostwald
ripening) growth process, with high polydispersity and wide particle size range, to an
Ostwald ripening dominated process is not seen when using SL. This suggests that using
SL grants greater control over particle growth dynamics. This is evident in the improved

monodispersity of the particles produced in the SL system (Figure 3.5). Thus, SL
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produced particles which are smaller and more size monodisperse than those produced
using PC. Moreover, as observed in the PC experiments, at all concentrations of SL used

spherical particles were obtained.
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Figure 3.5 PSDs of silica particles produced using soy lecithin (a) 0.004 mg ml" SL
(SL1), (b) 0.04 mg ml'1 SL (SL2), (c) 0.08 mg mI"' PC (SL3), and (d) 1.8 mg ml"' SL (SL4).
All reactions done in 50 ml acetate buffer (0.05M, pH 5.92) with 820 uL sodium silicate
at room temperature.

Figure A3.4 (section 3.7 Appendix) shows the nitrogen sorption isotherm and the pore
size distribution of silica particles prepared with 0.08 mg ml! SL (SL3). The isotherm is
a Type H4 hysteresis loop, which is indicative of a mixture of both micropores and
mesopores.®® This is also confirmed in the pore size distribution, which shows pore sizes

of 17 and 39 A. Removal of CTAB post-synthesis in a typical modified-Stdber process
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results in porous silica particles. Similarly, in our system, removal of SL post-synthesis

also results in porosity.

Figure 3.6A(i) shows the EDX spectrograph of the spherical particles from PC2 (0.1 mg
ml! PC), confirming the presence of silicon in the sample. Figure 3.6A(ii) shows the
EDX spectrograph of the spherical particles from SL4 (1.8 mg ml" SL), confirming the
presence of silicon in the sample. Oxygen and carbon peaks are also present, although
these are common contaminants in EDX spectra. To confirm that these particles were
Si0,, XPS analysis was performed. Figure 3.6B shows the XPS spectra for PC2 (0.1 mg
ml! PC). Figure 3.6C shows the XPS spectra for SL4 (1.8 mg ml! SL). The O 1s spectra
show peaks at binding energies of 532.8 eV and 533.5 eV for PC2 (Figure 3.6B(i)), and
532.9 eV and 533.7 eV for SL4 (Figure 3.6C(i)), which correspond to Si-O-Si and Si-
OH, respectively.®” 7% The small intensity peaks at 531.2 eV and 531.4 correspond to
either C-O or C=0, but distinction between the two is not possible as the binding energies
are closely related.”’"”> This peak is likely due to the presence of carbon contamination
during the XPS analysis or small amounts of SL remaining in the particles. The sample
was washed with water, ethanol, and acetone post-synthesis so that as much residual acetic
acid, soybean oil, PC, and sodium acetate as possible is removed in this step. Thus, most
residual carbon-containing compounds are removed from the particles. The peaks at 534.3
eV and 535.2 eV corresponds to O-H which is due to water contamination,” or O-H on
the silica surface. The Si 2p spectra show two peaks corresponding to Si-O-Si and Si-O-
H, which are indicative of Si02.”%’* Overall, the EDX and XPS data confirm that the

particles are made of SiO».
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Figure 3.6 Energy-dispersive x-ray spectra (a(i)) of PC2 (0.1 mg ml"" PC), and (a(ii))
SL4 (1.8 mg ml'' SL), (b) XPS spectra of O 1s and Si 2p peaks of PC2 (0.1 mg ml" PC).
Red curve is the cumulative fitting, and (c) XPS spectra of O 1s and Si 2p peaks of SL4

(1.8 mg ml'' SL). Red curve is the cumulative fitting.
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SL produced smaller, more size monodisperse silica particles than PC in our sustainable,
biomolecule-based, modified-Stober synthesis. Whereas the particle sizes of the silica
produced using PC corelated with the DLS data for PC, the particle sizes of the silica
produced when using SL did not. Based on our initial DLS data, it was expected that SL
would produce larger and more polydisperse silica than PC. However, SL produced
smaller and more monodisperse particles than PC. To investigate this we analysed the
bilayers formed in our reaction system using SL with our silica precursor (sodium silicate)
present. Figure A3.5 (section 3.7 Appendix) shows the temporal evolution of the mean
diameter and PDI after sodium silicate addition. As time increases, the PDI decreases and
the distribution becomes unimodal. The Z-average remains consistent over this time
period. Our results, shown in Figure A3.6 (section 3.7 Appendix), show that the presence
of sodium silicate reduced the size of the SL bilayer structures while also narrowing their
size distribution. One possible explanation for this is that the sodium ions from the sodium
silicate co-localise with the ester moeity of the phospholipids.” This penetration of the
sodium ion into the headgoup double layer causes enhances the attractive forces between
the headgroups, likely leading to a change in curvature and reduction in size. This effect
is likely happening in the PC system also, but to a lesser extent as there is little difference
between the particle sizes observed with PC and the bilayer structure size of PC without
sodium silicate. Addition of sodium silicate to SL in acetate buffer results in a smaller
bilayer structure size than without sodium silicate, precisely as seen in our DLS data,

which in turn results in a smaller than initially anticipated silica particle size.

The reason PC and SL are effective at producing spherical silica, is because modified-

Stober processes have been developed using long-chain quaternary ammonium
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surfactants, of which CTAB is an example.’>’® SL’s mixture of phospholipids
(specifically PC) possessing quaternary ammonium cations and fatty acid residues, allow
both SL and PC to behave like CTAB. Further understanding of the efficacy of our chosen
biomolecules in modified-Stober silica syntheses can be derived from studying natural
silica formation. In diatoms, long-chain polyamines (LCPAs) and proteins such as
silaffins and silacidins have been shown to be integral to silica formation. The LCPAs
typically have a quaternary ammonium group and have been shown to have direct
involvement in the structure-directing step in the biomineralisation process.”’ Silaffins are
proteins which possess these LCPAs and also have a high degree of phosphorylation and
quaternary ammonium structures. Indeed, phosphorylation present in silaffins has been
shown to be intimately involved in the biomineralisation process, promoting silica
polymerisation through electrostatic and hydrogen-bonding interactions.”® These proteins
bear similar structures to PC and SL.* These similarities are likely the reason PC and SL
can form spherical silica particles in our system. Furthermore, silaffins and silacidins have
been shown to induce silica polymerisation under acidic conditions in vitro.**” To have
the ability to both induce silica polymerisation (nucleation) and control its final structure
(growth) means the catalyst typically required in the modified-Stober synthesis is no
longer required. The biomolecules, PC and SL, in our synthesis also have this

functionality.

Regardless of the growth process, the monodispersity of the final sample is most
important. Monodisperse particles are needed for advanced applications such as
chromatography and drug delivery. A useful numerical descriptor of monodispersity is

relative standard deviation (RSD) The lower this number, the more monodisperse the
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particles. Table 3.2 shows a comparison of the best RSD of our results (SL3; 0.08 mg ml
I'SL) to twelve other studies which explicitly state they have prepared monodisperse,
spherical silica particles, using traditional syntheses, and three studies using biomolecules
to produce silica. Other studies that synthesised silica particles biomimetically using
simple molecules such as amino acids and polyamines were not included, as a direct
comparison between studies that use more complex biomolecules is prudent. The lowest
RSD seen was 1.2 % and the highest was 59.8 %. Our RSD value of 13.1 % compares
favourably with the monodispersity of silica particles prepared with traditional methods
in the literature. All of the biomolecule-based silica syntheses produced non-spherical
particles and did not give any standard deviations, thus RSD calculation was not possible.
The particles produced using our method are among the most monodisperse and discrete

silica particles produced using biomolecules in a simple templated approach.
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Table 3.2 Comparison of SL3 (0.08 mg ml!) monodispersity with literature. The RSD was
taken from the studies, where given, or calculated from the given mean particle diameter
and standard deviation. Where multiple results are given, the range of RSD is shown.

Production SDA® Particle RSD (%) Refs.
Process Size (nm)
Biopolymer- Soy lecithin 496 13.1 This
based study
Biopolymer- Gelatin Non- Non-spherical [33]
based spherical
Biopolymer- BSA/lysozyme 50— No data/non-spherical [34]
based 200/non-
spherical
Biopolymer-  Lysine/arginine <100 Non- [35]
based spherical/agglomerated
Modified- CTAB 223 -303 54-12 [80]
Stober
Modified- CTAB 450 4 [81]
Stober DTAB 700 10
Modified- CTAB 37-130 35-29 [82]
Stober
Modified- CTAB 100 — 1470 3.1-459 [83]
Stober DTAB 20-360 Non-spherical
471 22.4
Stober Ethanolamine 122.4 6.1 [84]
Stober NH3 10.2 - 1.7-59.8 [85]
236.4
Stober NH3 27-96 7.8—13.3 [86]
Stober NH; 15 9.3 [87]
n-propylamine 13 11.5
n-butylamine 12 -21 7.6-11.7
Modified- CTAC 21-111 7-14.8 [88]
Stober
Stober NH3 100 — 870 1.2-18.2 [89]
Stober NH; 51-769 3.5-12.9 [90]
Stober NH3 245 11.4 [91]
Diethanolamine 186 15.6
Triethanolamine 82 23.2
iSDA, structure-directing agent; BSA, bovine serum albumin, CTAB,

cetyltrimethylammonium bromide; DTAB, decyltrimethylammonium bromide; CTAC,
Hexadecyltrimethylammonium chloride.
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3.5 Conclusion

Biomolecules with physicochemical characteristics akin to compounds like CTAB that
are traditionally used as structural directing agents (SDAs) in modified-Stober processes,
can produce small, spherical, monodisperse silica particles. Our syntheses are more
environmentally sustainable than these processes. CTAB (a synthetic, amphiphilic
surfactant), ethanol, and ammonium hydroxide were replaced in a modified-Stober silica
synthesis with less toxic, more sustainable equivalents: the biomolecules
phosphatidylcholine (PC) or soy lecithin (SL); from a waste source, buffered water (plus
soybean oil for PC), and acetate buffer respectively. PC and SL can function as SDAs in
the synthesis of spherical silica particles. Long-chain polyamines and proteins, such as
silaffins and silacidins are integral to silica formation in the natural silica
biomineralisation processes of organisms like diatoms. SL and PC bear close similarities
to these diatom biomolecules. Furthermore, the physicochemical similarities that PC and
SL have with CTAB, allows them to function as substitutes for CTAB in our synthesis. A
mixture of Ostwald ripening and coalescence was shown to occur at low biomolecule
concentrations, while transitioning to an Ostwald ripening dominated process at high
biomolecule concentrations. Higher biomolecule concentrations also tended to increase
particle size. The data show that SL gives much greater control over particle size and
morphology and produces smaller, more monodisperse silica particles than using PC. This
emphasises the progress our research represents in harnessing biomineralisation processes
for producing small, monodisperse, spherical silica particles. Our silica is among the best
produced from biopolymers seen in the literature to date — it is spherical, discrete,

statistically analysed, and has comparable monodispersity to silica prepared using
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Stober/modified-Stober processes. Preliminary results also show that porosity can be
achieved using these biomolecule-based syntheses, although further work is needed to
optimise this. Our process is a significant step forward in evolving the traditional methods
of silica manufacturing - an inherently unsustainable and environmentally damaging
process - into one that is sustainable and environmentally benign. We have shown that not
only can spherical silica particles be prepared using more environmentally benign and
sustainable conditions along with PC and SL, but also that a much higher degree of control
over the morphology and monodispersity can be achieved than has been reported

previously using such systems.
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3.7 Appendix

Table A3.1 DLS data of PC and SL at various concentrations. Micelle size represented
by peak means along with polydispersity index (PDI).

PC in acetate buffer (0.05 M, pH 5.92)

Concentration Peak 1 mean Peak 2 mean PDI
(mg ml") (nm) (nm)
0.01 150 3790 0.342
0.02 129 4915 0.357
0.03 128 4804 0.349
0.04 123 4587 0.349
0.05 124 4199 0.351
0.06 127 4726 0.328
0.07 116 4716 0.303
0.08 119 4747 0.349
0.09 132 4656 0.339
0.1 165 4427 0.394
SL in acetate buffer (0.05 M, pH 5.92)
Concentration Peak 1 mean Peak 2 mean Peak 3 mean PDI
(mg ml") (nm) (nm) (nm)
0.01 89 360 4459 0.401
0.02 110 475 4714 0.414
0.03 97 376 4500 0.415
0.04 406 - - 0418
0.05 101 370 4923 0.404
0.06 105 479 4672 0418
0.07 332 4511 - 0.424
0.08 302 3811 0.431
0.09 123 640 - 0.449
0.1 338 4545 - 0.430
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Figure A3.1 shows SEM images of structurally undirected, crystalline monoliths of
widely varying sizes and shapes that formed in the absence of PC or SL. These monoliths
were formed when using acetate buffer (0.05 M, pH 5.92) and sodium silicate. There are
three possible explanations for what these monoliths are: (1) sodium metal from the
reduction of Na', (2) NaO from the sodium silicate, and (3) SiO.. The formed solids were
a white powder. This observation, along with the high reduction potential required to
reduce Na", means these solids are highly unlikely to be sodium metal. Thus these white
solids are either NaxO or SiO;. SiO2 can be formed because sodium silicate slowly
hydrolyses under acidic conditions, such as seen here. However, without any structure-
directing agent the subsequent silica polymerisation is uncontrolled. These white solids
are likely are a mixture of Na,O and Si0,. However, no spherical particles are formed.

Thus, we conclude that the conditions of our silica synthesis require the presence of

structure directing agent to form spherical silica particles.

Figure A3.1 Monoliths formed when (a) no PC and (b) no SL is present in the synthesis.

178 |Page



150

A))

0 v ——rrrr r———rrrrry ——r—rrrrr

0.01 0.1 1 10

log|Concentration] (mg/ml)

Figure A3.2 Z-average for PC in acetate buffer (0.05M, pH 5.92) over a wider
concentration range. PCI, PC2, PC3, and PC4 are marked with (*).
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Figure A3.3 PDI for PC (m) and SL (A) in acetate buffer (0.05M, pH 5.92) at various
concentrations (from DLS data).
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Figure A3.6 Temporal PSD data from DLS measurements of 0.1 mg ml"' soy lecithin in
acetate buffer (0.05 M, pH 5.92) with 10 uL sodium silicate. (a) 0 mins after sodium
silicate addition, (j) 45 mins after sodium silicate addition, increment is 5 mins. (k)
Correlograms for a-j. As time increases, the distribution becomes unimodal, showing the
effect that added sodium silicate has on the SL stability.
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Chapter 4

Spherical Silica Particle Production By
Combined Biomimetic-Stober Synthesis Using
Renewable Sodium Caseinate Without

Petrochemical Agents

This chapter has been published in Applied Nanoscience. Consequently, sections of the
chapter such as the abstract and introduction may contain repeating concepts and

paragraphs.
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Production By Combined Biomimetic-Stober Synthesis Using Renewable Sodium

Caseinate Without Petrochemical Agents.
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4.1 Abstract

Spherical silica particles are typically made via Stober and modified-Stober processes.
However, these processes are environmentally unsustainable. Here we report a process to
synthesise spherical silica particles in a more sustainable way using sodium caseinate.
Initial experiments showed that sodium caseinate can replace the typical industrial
structural directing agents used to produce spherical particles. Upon further optimisation,
particles with diameters ranging between 124 nm and 1590 nm, were readily produced
using sodium caseinate, sodium silicate, and acetate buffer. Higher concentrations of
sodium caseinate and low concentrations of sodium silicate promoted Ostwald ripening.
Low concentrations of sodium caseinate and high concentrations of sodium silicate
promoted coalescence. Subsequent optimisation of the dispersity using a statistical design
of experiments yielded silica particles between 172 and 340 nm, that showed good
monodispersity, using sodium caseinate, calcium chloride, sodium silicate, and acetate
buffer. Analysis of variance (ANOVA) and regression analyses were used to determine
and quantify the relationship between reagent concentrations and particle size. A
regression equation was calculated, which predicts particle size based on reagent
concentration. Predicted particle sizes and experimentally determined particle sizes
showed good agreement. These spherical silica particles are the most discreet and

monodisperse produced to date using a sustainable method with biopolymers.
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4.2 Introduction

Spherical silica is one of the most important and widely used materials in the world,
however, the production methods (Stober and modified-Stober) combined with the
industrial scale at which spherical silica is made, is inherently environmentally
unsustainable. The environmental impact of its production will continue to grow as
demand for the material increases. The main problems associated with the large-scale
production of silica is the use of environmentally damaging and toxic precursors.
Alcoholic solvents and synthetic surfactants, such as cetyltrimethylammonium bromide
(CTAB), are typically used and these have been shown to have adverse effects on the
environment.' Industrially, synthetic surfactants and alcohols such as ethanol are mostly
produced from petrochemical feedstocks.*> In order to address these problems while
meeting the demand for spherical silica, a new method of production needs to be devised.

Using the natural process of biomineralisation may offer a possible solution.®™

Limited work has been done on trying to replicate the biomineralisation process in vitro
using biopolymers to synthesise spherical silica particles. However, thus far, a lot of this
work has only yielded silica particles that are non-spherical, agglomerated, or both.!%*
In Chapter 3 we successfully synthesised spherical silica particles using
phosphatidylcholine and soy lecithin, however particle quality still needed to be
improved. Here, we have identified sodium caseinate (NaCas) as an ideal candidate to act
as a structure-directing agent (SDA) in synthesising spherical silica particles. NaCas is a

widely used as an emulsion stabiliser in food products'>!7

as it provides stabilisation
against coalescence via electrostatic and steric interactions.'® Casein is a family of

phosphoproteins of four distinct types: asi-, as2-, B-, and k-casein. The os-caseins are
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calcium sensitive and the k-casein is calcium insensitive.!” The casein micelles are
stabilised by steric stabilisation, with k-casein forming a brush on the surface of the
micelles, preventing agglomeration. Caseins can associate into small clusters via their
hydrophobic sections. Figure A4.1 shows the possible structure of the casein micelle.
This surfactant-like behaviour can be exploited for use as an SDA in silica synthesis.
Under acidic conditions, the carboxylic acid groups of the sodium caseinate sub-micelles
are neutralised, increasing the attractive forces between the proteins, resulting in larger
micelle-like aggregate structures.’’ Furthermore, addition of calcium to a solution of
NaCas has been shown to stabilise the aggregate structures into micelles of ca. 100 nm.*!
This stabilisation effect is thought to occur via crosslinking by ionic calcium, which
prevents flocculation of the micelle structures.’? The role of amphiphilic CTAB is to
control the condensation of silica to form spherical particles via these micelles. As
described in sections 1.2.3 and 1.2.4 silica condensation occurs around these micelles,
which then aggregate together to produce spherical particles.”>2® NaCas has this same
physical property and could be used in the same way. Using a biopolymer such as NaCas
as the SDA along with environmentally benign reagents could make the process for

producing silica more sustainable by replacing the need to use petrochemically-derived

reagents such as CTAB, tetraethyl orthosilicate (TEOS), and ethanol.

The objective of the current work was to produce sustainable silica nanoparticles using
NaCas, as the SDA, and water-based chemistry. A new sustainable process was created,
starting from the traditional modified-Stober process. Initially, the ability of NaCas to
function as an SDA to form spherical particles was tested. Once this ability was

confirmed, optimisation of the process was performed which used NaCas, sodium silicate
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and acetate buffer. The particle size distributions were analysed for coalescence and
Ostwald ripening. Further optimisation improved the monodispersity of the particles. The
optimised and sustainable process uses NaCas, calcium chloride, sodium silicate, and
acetate buffer. Thus, the most environmentally hazardous reagents that are typically used
to produce silica were replaced with environmentally benign and sustainable ones. The
environmental impact of producing spherical silica nanoparticles is greatly reduced by

using this biopolymer-based approach.

4.3 Experimental

4.3.1 Materials

Sodium silicate (10.6 % NaxO, 26.5 % SiO;) from Sigma Aldrich was used as the silicic
acid source. Ammonium hydroxide (assay: 28-30 % NH;3 basis), sodium caseinate
(NaCas), sodium acetate, and acetic acid were all purchased from Sigma Aldrich. Acetate

buffer solution (0.05 M, pH 5.94) was prepared in distilled water.

4.3.2 Silica preparation using ammonium hydroxide

Initial experiments used a traditional modified-Stober synthesis which was adapted for
use with NaCas.?” The experimental conditions, denoted by NC, are shown in Table 4.1.
In a 100 ml flask, NaCas was added to distilled water under stirring and temperature was
set to 50 °C. After dissolution of NaCas, ammonium hydroxide was added. Finally,
sodium silicate was added and the resulting solution was left to react overnight in a closed
vessel. The reaction mixture was then centrifuged at 14,000 rpm in an Eppendorf
MiniSpin Plus microcentrifuge and the solids were washed with water, ethanol, and

acetone. The sample was then dried in an oven and characterised by SEM.
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Table 4.1 Experimental conditions of syntheses using NaCas, sodium silicate, and
ammonia. Experiments are denoted by NC.

H20 Sodium Silicate NH4OH NaCas T (°C)
(ml) (ml) (mbD) (mg)
NC1 25 32 12 0.32 50
NC2 25 6.4 12 0.32 50
NC3 25 6.4 6 0.64 50
NC4 50 6.4 6 0.64 50

4.3.3 Silica preparation using buffer

After initial testing, it was found that high volumes of sodium silicate were not needed,
with microlitres being sufficient to form the particles. This is of added benefit as less
reagent is required. The experimental conditions, denoted by BF, are shown in Table 4.2.
The required amount of NaCas stock solution (100 mg ml' NaCas in 0.05 M acetate
buffer, pH 5.94) was added to 50 ml of acetate buffer (0.05 M, pH 5.94). Sodium silicate
was subsequently added and the reaction solution was stirred in a closed vessel overnight
at room temperature. The reaction solution was then centrifuged at 14,000 rpm in an
Eppendorf MiniSpin Plus microcentrifuge and the solids were washed with water,

ethanol, and acetone. The sample was then dried in an oven and characterised by SEM.

Table 4.2 Experimental conditions of syntheses using NaCas and sodium silicate.
Experiments were repeated under identical conditions with distilled water instead of

acetate buffer. All experiments repeated in triplicate and data combined. Experiments are
denoted by BF.

Acetate Buffer [0.05 M, pH 5.94] Sodium Silicate NaCas
(ml) (uL) (mg ml)
BF1 50 81 0.2
BF2 50 81 0.4
BF3 50 162 0.2
BF4 50 810 0.2
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4.3.4 Silica preparation using buffer and CaCl;

An experimental design (Table 4.3) was created using Minitab statistical software. A full
factorial (2°) design was used with all terms free from aliasing. The design was replicated
twice in two blocks with one centre point per block. The input factors (NaCas, sodium
silicate, CaCl») had two levels and their effect on the response variable (particle size) was
analysed using ANOVA. Regression analysis was used to obtain a regression equation
which could predict values of the response variable based on the input factors.
Experimentally, the required amount of NaCas stock solution (20 mg ml! NaCas in 0.05
M acetate buffer, pH 5.94) was added to 50 ml acetate buffer (0.05 M, pH 5.94). Aliquots
of 100 mM CacCl; were added to this solution to give the required concentration of CaCl
as shown in Table 4.3. Finally, sodium silicate was added and the reaction was stirred in
a closed vessel overnight. This procedure was also used for experiments conducted at pH
4.94, denoted by BC (Table 4.4). The reaction solution was then centrifuged at 14,000
rpm in an Eppendorf MiniSpin Plus microcentrifuge and the solids were washed with
water, ethanol, and acetone. The sample was then dried in an oven and characterised by

dynamic light scattering.
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Table 4.3 Experimental conditions for 2° full factorial design with 2 replicates, 2 blocks,
and 1 centre per block. Factors: sodium silicate, NaCas, sodium caseinate, CaCl>.
Response variable: PS; particle size. Each factor has two levels and each centre point is
midway between these levels. All terms are free from aliasing. Block generators are the
replicates.

Run Order Centre Blocks Sodium Silicate NaCas CaClz
Point (nL) (mg) (mM)
1 1 1 486 60 6
2 1 1 486 20 12
3 1 1 729 20 6
4 1 1 486 20 6
5 1 1 486 60 12
6 1 1 729 20 12
7 1 1 729 60 12
8 1 1 729 60 6
9 0 1 607 40 9
10 1 2 486 60 6
11 1 2 486 20 6
12 1 2 729 60 12
13 0 2 607 40 9
14 1 2 729 20 12
15 1 2 486 60 12
16 1 2 729 60 6
17 1 2 486 20 12
18 1 2 729 20 6

Table 4.4 Experimental conditions of syntheses using NaCas, sodium silicate and calcium
chloride at pH 4.94. Experiments are denoted by BC.

Acetate Buffer Sodium Silicate NaCas CaCl:
[0.05 M, pH 4.94] (uL) (mg) (mM)
(ml)
BC1 50 729 40 8
BC2 50 729 80 8
BC3 50 729 120 8
BC4 50 729 160 8
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4.3.5 Characterisation

Scanning Electron Microscopy (SEM) was used to obtain images of the silica particles.
The SEM analyses were carried out on an FEI Inspect and Quanta 650, operated at either
10 or 15 kV. Each sample was adhered to a stainless-steel stub (stage) via double-sided

carbon tape.

Elemental characterisation was acquired using energy-dispersive X-ray spectroscopy

(EDX) on the FEI Quanta 650 instrument using Oxford Instruments INCA software.

Particle diameters were determined using ImageJ image analysis software and statistical

analyses were done in OriginLab OriginPro 9.0 software.

Dynamic light scattering (DLS) measurements were conducted on a Malvern Panalytical
Zetasizer Nano ZSP, using non-invasive backscattering (NIBS) technology. The
scattering angle was set at 173° and the measurement temperature was set to 20 °C.
Samples were dispersed in ethanol and sonicated to give a stable solution prior to analysis.

Mean size and polydispersity index (PDI) were determined using Cumulant analysis.

X-Ray Photoelectron Spectroscopy (XPS) spectra were acquired on an Oxford Applied
Research Escabase XPS 230 System equipped with a CLASS VM 100 mm mean radius
hemispherical electron energy analyser with multichannel detectors in an analysis
chamber with a base pressure of 5.0 x 10" mbar. A pass energy of 50 eV, a step size of
0.7 eV and a dwell of 0.3 s was used for survey spectra which were swept twice. All core
level scans were acquired with a step size of 0.1 eV, a dwell time of 0.1 s and a pass
energy of 20 eV averaged over 10 scans. A non-monochromated Al-Ko X-ray source

(1486.58 eV) at 100 W power (10 mA, 10 kV) was used for all scans. All spectra were
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acquired at a take-off angle of 90° with respect to the analyser axis and were charge
corrected with respect to the C 1s photoelectric line at 284.8 eV. Synthetic peaks are
Gaussian in shape. The relative sensitivity factors used are from a CasaXPS library

containing Scofield cross-sections.

Nitrogen sorption measurements were performed on a Micromeritics TriStar II surface
area analyser (Micromeritics, Norcross, GA, USA). Samples were pre-treated by heating
at 200 °C under nitrogen for 12 hours. The surface area was measured using the Brunauer-
Emmett-Teller (BET) method. The pore volume and pore diameter data was calculated
using the Barrett, Joyner and Halenda (BJH) method. Specific surface areas were

calculated from the measured relative pressure in the range of P/Po= 0.01 to P/Po=0.3.

4.4 Results and Discussion

4.4.1 Silica prepared with ammonium hydroxide

The ultimate goal is to make the synthesis of spherical silica more sustainable. We
replaced CTAB with NaCas to investigate whether NaCas could function as an SDA In
order to use NaCas, ethanol could not be used as it can cause denaturation of the protein,*®
so water was used as the solvent. Without ethanol, TEOS could also no longer be used
because it is water-insoluble. Instead we chose water-soluble sodium silicate, which has
the added benefit of being akin to the usual form of soluble silica found in nature.!>* A
catalyst was still required. The use of NaCas as an SDA necessitated the change of
multiple components in the original synthesis. Thus, ammonium hydroxide was retained

as the catalyst to minimise the number of changes made to the original system as much as
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possible . This new system was assessed , with a view to further modifying it to create a

totally sustainable process if successful.

We produced spherical particles using NaCas, sodium silicate, water and ammonium
hydroxide (Figure 4.1). The particles are spherical, but exhibit polydispersity. NC1 and
NC3 show agglomeration, while NC2 shows some agglomeration and NC4 shows discrete
particles. The particle diameters range between 283-1349 nm. These initial results were
promising, as it showed that our modified system could indeed produce spherical
particles. Control experiments conducted with sodium silicate, water, and ammonium
hydroxide showed that no spherical particles were formed (see Figure A4.2 in section 4.7
Appendix). This is expected as there is no effective morphological control agent present
in the system to control the morphology of the particles. The fact that spherical particles

are only formed when NaCas is present suggests that NaCas acts as an effective SDA.
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Figure 4.1 SEM micrographs (a) NCI and (b) NC2, (c) NC3, and (d) NC4. T = 50°C.

These sets of experiments show that our modified system can produce spherical silica
particles. Ammonium hydroxide was needed here as the catalyst to initiate the hydrolysis
of sodium silicate. Two conclusions were drawn from these experiments: (1) in the
absence of an effective morphological control agent, no spherical particles are formed in
our system, and (2) in the presence of NaCas, spherical particles are formed in our system.
Knowing that NaCas functions as an effective SDA in our system, we proceeded to further

modify our system to increase its sustainability. Our next set of experiments used an acid
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catalyst in the form of acetate buffer to replace ammonium hydroxide and the role NaCas

plays is investigated in detail in this new sustainable system.

4.4.2 Silica prepared with acetate buffer

Based on the results of our previous experiments, our next set of experiments focused on
maximising the sustainability of our process. As before, sodium silicate and NaCas were
used as the silica source and SDA, respectively. There was still a need to catalyse the
hydrolysis of sodium silicate. Simply removing ammonium hydroxide from the system
would retard silica formation. Thus, in place of ammonium hydroxide we used acetate
buffer because sodium silicate hydrolyses readily in acidic media.*® This three component
system has now eliminated the most toxic and unsustainable reagents of the modified-
Stober process; namely ethanol, ammonium hydroxide, CTAB, and TEOS. Our system
uses sodium silicate as the silica source, NaCas as the SDA, and acetate buffered water,
which has twofold benefit of being an environmentally benign solvent, while also

promoting the hydrolysis of sodium silicate.

Our initial experiments showed that NaCas can act as an effective SDA to produce
spherical particles. This was followed by experiments conducted in acetate buffer without
the remaining environmentally problematic compound in the modified-Stober process —

ammonium hydroxide.

To investigate the precise role that NaCas plays in our sustainable system DLS
measurements of NaCas in acetate buffer were obtained. Figure 4.2 shows DLS data of
NaCas in acetate buffer (0.05 M, pH 5.94). The data show that at all concentrations tested,

NaCas forms micelles, however in some cases they are multimodal, and showing
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polydispersity. Furthermore, large aggregate peaks ca. 3000 nm are seen at 0.2, 0.4, and
0.6 mg ml!' NaCas and free proteins are also seen at all concentrations (< 100 nm). This
polydispersity could translate into the final particles and is a likely explanation of the
polydispersity seen when using the ammonium hydroxide system. Knowing that NaCas
forms micelle structures in acetate buffer, we attempted to synthesise spherical silica

particles using NaCas, sodium silicate, and acetate buffer.
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Figure 4.2 DLS measurements of sodium caseinate in acetate buffer (0.05 M, pH 5.94) at
various concentrations (top). Correlograms (bottom).
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Figure 4.3 shows SEM images of the spherical particles obtained with this new system.
Interestingly, when these experiments were replicated using distilled water as the reaction
medium, as opposed to acetate buffer, no spherical particles are formed. Instead,
monoliths with no defined structure are formed (see Figure A4.3 in section 4.7
Appendix). This suggests the acidic pH promotes the conformational changes required
of NaCas to form micelles. The SEM images show that the samples exhibit different
degrees of polydispersity, which may be explained by the polydispersity of NaCas
micelles in the DLS data of NaCas in acetate buffer, although the NaCas aggregates are

dynamic and are likely not fixed in size.
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Figure 4.3 SEM micrographs of silica prepared with (a) 0.2 mg ml”! NaCas (BF1), and
(b) 0.4 mg ml'" NaCas (BF2), (c) 162 uL sodium silicate (BF3), and (d) 810 uL sodium
silicate (BF4). Scale bars = 2 um.

Figure 4.4 shows the PSDs of samples BF1 to BF4. All peaks were determined using
goodness of fit statistics. Figure 4.4A shows a log-normal distribution (R? = 0.97) peak
centre of 124 nm. Figure 4.4B shows 2 peaks fitted with a combination of log-normal and
Gaussian functions (R? = 0.92). At 0.2 mg ml' NaCas, the growth of the particles is
through coalescence (log-normal). At 0.4 mg ml! NaCas, the log-normal peak centre

shifts from 124 nm to 258 nm and the emergence of a Gaussian peak is seen at 1423 nm.
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Coalescence occurs when particles, often of different sizes, merge to form a single
particle. Accordingly, a PSD resulting from this process has a right-skewed tail,
characterised by a log-normal function. Ostwald ripening occurs via material transfer
from smaller, less thermodynamically stable, particles to larger particles. Larger particles,
being more thermodynamically stable, grow at the expense of smaller particles. Lifshitz
and Slyozov,*! and Wagner,*? provided mathematical descriptions of the Ostwald ripening
process. This LSW model describes the PSD of particles grown via Ostwald ripening as
having a left-skewed tail, with a sharp cut-off at 1.5 times the mean particle diameter.
This cut-off is a consequence of the assumption in the LSW model that the solution is
infinitely dilute, meaning no particle interaction takes place. In real systems, this
mathematical restraint does not reflect reality, so the LSW model must be adjusted to take
particle interaction into accounted. In which case, a Gaussian function provides a better

description

It is possible to differentiate between coalescence and Ostwald ripening by the shape of
the particle size distribution. Log-normal for coalescence, and Gaussian for Ostwald
ripening. However, both processes are not mutually exclusive — they can, and do, coexist
and overlap. Therefore, we have fitted the PSDs with a mixture of Gaussian and log-
normal functions. The degree to which either process dominates depends on the
experimental conditions used. Generally, Ostwald ripening results in particles which are
more monodisperse than those produced via coalescence. This is because of the log-
normal distribution associated with coalescence. Therefore, analysing the PSDs can allow
for optimisation of the polydispersity by understanding the experimental conditions which

give rise to an Ostwald ripening-dominated mechanism.
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This emergence of a Gaussian peak at higher concentrations of NaCas suggests the growth
process shifts from primarily coalescence to a mixture of coalescence and Ostwald
ripening, with larger particles produced. As discussed in section 1.4.3, the presence of
adjacent carboxyl and amino groups can significantly enhance the silica dimerisation rate.
This may explain why a higher concentration of NaCas results in larger particles. Figure
4.4C shows a multimodal distribution fitted with Gaussian functions (R? = 0.96) with
mean peak diameters of 382 and 1590 nm. Figure 4.4D shows a multimodal distribution
fitted with a combination of Gaussian and log-normal functions (R? = 0.97) with mean
peak diameters of 473 and 861 nm. The production of smaller particles at higher sodium
silicate concentrations may be due to an increased hydrolysis rate, allowing for the
formation of small particles. Thus, at low concentrations of sodium silicate (162 pL)
growth occurs via an Ostwald ripening mechanism and at higher concentrations of sodium
silicate (810 pL), a mixture of coalescence and Ostwald ripening occurs. From these
experiments, in order to promote Ostwald ripening and produce more monodisperse
particles, the data indicate that high concentrations of NaCas and low concentrations of
sodium silicate are required. However, while spherical silica is formed, the particles are
quite polydisperse with multiple peaks in the PSDs. While the analysis and fitting of these
peaks with log-normal and Gaussian functions can provide insight into the growth
process, caution must be used when fitting a combination of peaks to a distribution. The
goodness of fit parameters aim to statistically identify which functions provide the best
fit. However, as is the case when fitting multiple peaks, there may be multiple fittings
which provide similar goodness of fit statistics. While the data presented here have been

analysed carefully, given the overall low quality of the particles in terms of size dispersity,
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interpretation of the growth process from the PSDs is difficult. However, the data obtained

from this experiment provided an excellent foundation to develop the process further,

which is discussed next.
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Figure 4.4 PSDs of particles prepared with (a) 0.2 mg ml"' NaCas (BF1), and (b) 0.4 mg
ml! NaCas (BF2), (c) 162 uL sodium silicate (BF3), and (d) 810 uL sodium silicate
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4.4.3 Silica prepared with acetate buffer and calcium chloride

Our third set of experiments focused on optimising our new sustainable process for

producing more monodisperse spherical silica particles. Most applications require

relatively monodisperse silica. We added calcium chloride to our reaction system to

stabilise the NaCas micelle. Calcium chloride has been shown to reform casein micelles

from NaCas.'” Other studies in the literature found the size of casein micelles to be in the

range of 50 — 600 nm with an average size of ca. 200 nm.>*** Here we report the casein
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micelle size to have an average size of ca. 100 nm. However, our system uses a buffer
solution of pH 5.94 and acidic pH has been shown to decrease the casein micelle size in
milk,*> which may explain why the size reported here varies slightly from other studies of
casein in different systems. Figure 4.5 shows distribution data from DLS measurements
of NaCas with 8 mM CaCl; added. The data show a marked reduction in micelle size and
polydispersity compared to the NaCas system with no added CaCl, shown in Figure 4.2.
Addition of CaCl; stabilises the NaCas micelles at all concentrations of NaCas tested.
Whether or not this increase in monodispersity would translate into silica was next

investigated.
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Figure 4.5 Distribution data from DLS measurements of sodium caseinate at various
concentrations with 8§ mM CaCl; in acetate buffer (0.05 M, pH 5.94) (top). Correlograms
(bottom).
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In order to optimise the synthesis and understand the influence that NaCas, sodium
silicate, and CaCl, had on particle size, a statistical design of experiments (DOE) was
produced to direct our methodologies. Table A4.1 (section 4.7 Appendix) shows the full
factorial (2*) design used for the DOE. The design was free from aliasing, with all primary
and higher order interactions analysed. The full factorial design was replicated twice in
two blocks with one centre point per block. Figure A4.4 (section 4.7 Appendix) shows
the normal probability plot for the residuals. Figure 4.6 shows the Pareto chart with a
significance level of a =0.05. The pareto chart indicates that four variables are statistically
significant; sodium silicate, NaCas, CaCl,, and the two-way interaction between NaCas
and CaCl,. ANOVA (see Table A4.2 in section 4.7 Appendix) also confirms these effects

are statistically significant at o = 0.05.
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Figure 4.6 Pareto chart of standardised effects (response is particle size, a = 0.05).
Significant effects are those that extend beyond the reference line (2.31).

Figure 4.7 shows the main effects and interaction plots for particle size. The main effects
plot (Figure 4.7A) shows the difference in mean response (particle size) between the two
levels of the factors sodium silicate, NaCas, and CaCl». The main effects plot shows that
the particles produced with 486 puL sodium silicate were smaller than those produced with
728 pL. Particles produced with 20 mg NaCas were smaller than those produced with 80
mg and particles produced with 6 mM CaCl, were larger than those produced with 12 mM
CaCl,. However, because the two-way interaction of NaCas and CaCl» was statistically
significant, this needs to be accounted for. The interaction plot (Figure 4.7B) shows when
20 mg NaCas and 12 mM CaCl, were used, the smallest particles were produced, while

the largest particles were produced when 60 mg NaCas and 6 mM CaCl, were used.
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However, because the slope of the line when using 6 mM CaCl; is steeper, the interaction
between NaCas and CaCl; has a greater effect on particle size when 6 mM CaCl; is used.
The statistically significant effect that the interaction between NaCas and CaCl; has on
particle size is not surprising. CaCl is needed to conformationally change and stabilise
the casein micelles in the system, which is seen in the DLS data. Furthermore, while the
interaction plot shows that increasing concentration of NaCas increases particle size, the
effect is not as large when using 12 mM CaCl,. This suggests that above a certain
concentration of CaCly, the NaCas micelles are sufficiently stabilised such that addition
of more CaCl has little effect. This is confirmed in the DLS data (Figure 4.5) which
shows that the diameter of the micelles does not change significantly when NaCas

concentration is increased.

Influences on the size polydispersity of the particles is also an important to understand.
The polydispersity index (PDI) is a dimensionless parameter that indicates how
monodisperse the sample is. The lower the PDI, the more monodisperse the sample.
Values of PDI < 0.1 are defined as being highly monodisperse,*® while values of < 0.3 are
considered acceptable for applications such as drug delivery.”*® Figure A4.5 (section 4.7
Appendix) shows the polydispersity index (PDI) of the particles synthesised via the DOE
protocol. All of the samples have a PDI < 0.24 with the majority of the samples < 0.18,
indicating moderate monodispersity. The lowest PDI was 0.104, corresponding to a mean

particle size of 215.7 nm, indicating good monodispersity.
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Figure 4.7 (a) Main effects plots of sodium silicate, sodium caseinate, and calcium
chloride and their effect on particle size. Differences between level means are shown for
each factor level and are connected by a line. Orange squares are the mean response for
the centre point runs. A non-horizontal line indicates a main effect is present. Dashed
horizontal line shows the mean particle size for all runs (b) Interaction plot for particle
size (fitted means). Non-parallel lines indicate that an interaction effect is occurring. The
relationship between particle size and sodium caseinate depends on the concentration of
calcium chloride.
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The factorial analysis of the primary and higher-order effects on particle size enables
values of particle size to be predicted using regression. The regression equation obtained

after stepwise regression is:

Particle Size
= 39.5 4+ 0.09 Sodium Silicate + 5.9 NaCas + 7.4 CaCl, — 0.45 NaCas * CaCl, (4.1)

(sodium silicate; uL, NaCas; mg, CaCl,; mM.)

Equation 4.1 shows that sodium silicate concentration has a minor effect on particle size,
which is confirmed in the main effect plot, Figure 4.7A. NaCas and CaCl, both
individually and through their interaction, have a larger effect than sodium silicate on
particle size. However, practical and physical limitations are presumed to exist for this
relationship. As discussed earlier, the interaction effect between NaCas and CaCl; has a
smaller effect on particle size at higher CaCl> concentrations. Furthermore, DLS data
(Figure 4.5) indicate that the casein micelle size does not change upon increasing NaCas
concentration. However, increasing NaCas concentration increases the number of casein
micelles in solution. If the rate of hydrolysis of sodium silicate is slower than the rate of
nucleation, this would mean that larger particles would be formed. Furthermore, if
electrostatic repulsion between forming particles is minimal and/or smaller particles are
thermodynamically unstable, then particle growth could proceed by either coalescence or,
Ostwald ripening, or both. Increased NaCas concentration could also lower the
electrostatic repulsion between particles by stabilising the negative charge on their
surfaces. The increased number of casein micelles could also reduce the interfacial energy
allowing particles to grow. However, further work is needed to understand the growth

dynamics of this system as other synergistic effects might also be occurring.
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Table 4.5 shows a comparison between the predicted values of particle size and the
experimental values. Equation 4.1 was used to predict the particle size based on the input
parameters sodium silicate, NaCas, and CaClo. Figure 4.8 shows the SEM images of
particles obtained from runs R1 to R4 and Figure 4.9 shows their corresponding PSDs.
The experimental values for particle size of R1 and R2 show excellent agreement with the
predicted values and are within the 95 % CI. The experimental values of R3 and R4 are
outside the 95 % CI of the predicted value, however they still show good agreement.
Table A4.3 (section 4.7 Appendix) shows that the R? (adjusted) and the R? (predicted) is
93.63 and 90.39 %, respectively, meaning that there is still some variation that is
unaccounted for by the regression analysis. However, based on the experimental results
in Table 4.5, the regression equation performs reasonably well in predicting the particle

size based on the input factors.

Table 4.5 Comparison of predicted and experimental values of particle size based on
equation 4.1.

Run Sodium NaCas* CaClz Predicted PSP Experimental

Silicate (mg) (mM) (nm) PS

(uL) (nm)

R1 486 20 8 189.6 200
[95 % CI (176, 202.3)]

R2 567 20 8 197.1 190
[95 % CI (185.6, 208.6)]

R3 648 20 8 204.6 184
[95 % CI (193.1, 216.1)]

R4 729 20 8 212.1 196

[95 % CI (198.4, 225.7)]

2 NaCas, sodium caseinate
bPpSs, particle size; CI, confidence interval
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Figure 4.8 SEM images of silica particles prepared with (a) 486 uL sodium silicate (R1),
(b) 567 uL sodium silicate (R2), (c) 648 uL sodium silicate (R3), and (d) 729 uL sodium
silicate (R4). All reactions used 20 mg NaCas and 8 mM CaCl,, in 50 ml acetate buffer
(0.05 M, pH 5.94).
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Figure 4.9 PSDs from DLS measurements of silica particles prepared with (a) 486 uL
sodium silicate (R1), (b) 567 uL sodium silicate (R2), (c) 648 uL sodium silicate (R3),
and (d) 729 uL sodium silicate (R4). All reactions used 20 mg NaCas and 8§ mM CaCl,,
in 50 ml acetate buffer (0.05 M, pH 5.94).

XPS analysis was performed to confirm the presence of silica for the R1 particles (486
L sodium silicate, 20 mg NaCas, and 8§ mM CaCly). Figure 4.10 shows the XPS
spectrum for R1. Figure 4.10A shows the O 1s spectrum with peaks at 532.6 eV and
530.6 eV, corresponding to oxygen atoms of siloxane groups (Si-O-Si) and non-
stoichiometric oxides (Si-Ox-Si), respectively.*® Figure 4.10B shows the Si 2p spectrum
with two peaks corresponding to Si-O-Si (103.05 eV) and Si-O-H (102.1 eV), which are
indicative of Si02.*%*! Overall, the data confirm that SiO> is formed. Figure A4.6 (section
4.7 Appendix) shows the nitrogen sorption isotherm and the pore size distribution of the

R1 particles. The isotherm is a Type H3 hysteresis loop, which can indicate the presence

213 |Page



of slit-shaped pores.*” However, there is no limiting adsorption at high P/P¢ values so
interpretation of the data is hindered.** Thus, the values for surface area, pore volume,
and pore width are given for reference only. Further work on the porosity implications of

using NaCas as an SDA is needed to identify its role here.
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Figure 4.10 XPS spectra of (a) O Is and (b) Si 2p peaks of RI (486 uL sodium silicate,
20 mg NaCas, and 8§ mM CaCl3). Red curve is the cumulative fitting.

They key components of the modified-Stéber process involved in the formation of
spherical silica particles are the SDA, such as CTAB and ammonium hydroxide. CTAB
forms micelles in solution when the critical micelle concentration (cmc) is reached. The
silica precursor is hydrolysed within the core of these micelles and subsequent
condensation occurs around these micelles. The ammonium hydroxide acts as a catalyst
for hydrolysis and also prevents agglomeration of the formed particles by stabilising the
surface of the particles. This templated approach is driven by electrostatic and
thermodynamic forces between the hydrolysed silicate species and the SDA.?* This
micellar action of SDAs like CTAB is key to the formation of spherical silica particles.

NaCas has similar properties to CTAB. As discussed, NaCas can form micelles in
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solution, but gives polydisperse spherical particles. However with the addition of calcium,
the micelle structure of casein is stabilised, creating a more monodisperse structure.** This
is seen in our results. When calcium is added to our system, the monodispersity of the
silica particles is greatly increased. In the absence of calcium, the particles exhibit a wide
size variation with multiple peaks in the PSD. Addition of calcium to the hydrophobically
associated casein clusters, reforms the native micelle structure. This reformation occurs

via calcium interaction with the phosphate and carboxylate groups on the protein.*’

The above DOE analysed the influence NaCas, sodium silicate, and CaCl> had on particle
size while keeping the pH constant. Isolating these factors made for an easier analysis. It
is known that sodium silicate undergoes hydrolysis under acidic conditions. From the
results of our experiments, it is clear that this occurs at pH 5.94 with subsequent
condensation and morphological control provided by NaCas. However, to test whether
this was true under different pH conditions, we conducted similar experiments at pH 4.94.
Figure 4.11 shows SEM images of particles formed at pH 4.94. It is not initially clear
from the SEM data whether the particles discrete or agglomerated. Therefore DLS
measurements were obtained from the samples. Figure 4.12 shows the corresponding
DLS data for these experiments. While DLS cannot give the shape of particles, it can be
used to determine if the particles are aggregated. The samples were dispersed in EtOH
prior to DLS measurements, giving a stable dispersion with no sedimentation. The DLS
data indicate that the particles are discrete. From the SEM and DLS data it can be
concluded that the particles are likely spherical. Figure 4.12A shows that particles of
diameter 264 nm with PDI of 0.223 were formed with 40 mg NaCas. Increasing the

amount of NaCas to 80 mg decreases the particle size to 254 nm, while lowering the PDI
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to 0.168 (Figure 4.12B). Further increasing the amount of NaCas to 120 mg decreases
the particle size to 228 nm, with no significant change of the PDI (Figure 4.12C).
However, increasing the amount of NaCas to 160 mg increases the particle size to 275
nm, while also increasing the PDI to 0.212 (Figure 4.12D). While this system also
produces relatively monodisperse particles, increasing the amount of NaCas generally
results in smaller particles. This is contrary to the system at pH 5.94, where Equation 4.1
predicts an increase in particle size with increasing NaCas. This difference in particle size
response under different pH might be explained by having increased electrostatic
repulsion between forming particles at lower pH. However, further work is needed to

understand this dependence.
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Figure 4.11 SEM micrographs of silica prepared with (a) 40 mg NaCas (BC1), and (b)
80 mg NaCas (BC2), (c) 120 mg NaCas (BC3), and (d) 160 mg NaCas (BC4). Scale bars
= 2 um. All other reactants kept constant.
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Figure 4.12 PSDs from DLS measurements of silica prepared with (a) 40 mg NaCas
(BC1), and (b) 80 mg NaCas (BC2), (c¢) 120 mg NaCas (BC3), and (d) 160 mg NaCas
(BC4). All reactions used 729 uL sodium silicate and 8 mM CaCly, in 50 ml acetate buffer
(0.05 M, pH 4.94).
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4.5 Conclusion

We have successfully developed a sustainable synthesis for producing size-monodisperse
spherical silica particles. Our new synthesis provides renewable, environmentally benign
substitutes for each category of component in the current, dominant, and unsustainable
industrial processes — the Stober and modified-Stober syntheses. With the modified-
Stober process as a starting point, we have created a sustainable process using sodium
caseinate in a water-based reaction. Having demonstrated that sodium caseinate can act
as a structure-directing agent to form spherical silica, we used it as an effective
replacement for petrochemically-derived surfactants such as CTAB. Similarly, we
showed that acetate buffered water, which hydrolyses sodium silicate, could be used as a
catalyst for our new system. Calcium chloride allowed us to stabilise the casein micelles
to produce monodisperse spherical silica nanoparticles. We optimised this process further
through a statistical design of experiments that led to the development of a regression
equation that we could use to predict particle size based on input concentrations. Our
experimentally produced particles were in good agreement (> 90%) with these predicted
sizes. Monodisperse particles were produced at pH 5.94 and pH 4.94. Our process uses
sodium caseinate, sodium silicate, calcium chloride, and acetate buffer to produce silica
nanoparticles in an environmentally friendly and sustainable way. These particles are the
most monodisperse and spherical produced with biopolymers that have been documented

in the literature to date.
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4.7 Appendix

Figure A4.1 Structure of casein micelle. (a) Transmission electron micrograph of freeze-
dried poly-L-lysine immobilised casein micelle fixed with glutaraldehyde (from McMahon
et al.* (b) Electron micrograph of an individual casein micelle, scale bar = 100 nm. (from
Dalgleish et al.*’

Figure A4.2 shows SEM images of the formed solids obtained when no NaCas is present.
These monolithic structures have no defined shape or size. Figure A4.2A shows the solids
formed in the control experiment using water, sodium silicate, and ammonium hydroxide.
Figure A4.2B shows the formed solids formed in the control experiment using acetate
buffer and sodium silicate. Under acidic conditions, such as those used here, sodium
silicate undergoes hydrolysis and subsequent polymerisation to form silica. In the absence
of a structure-directing agent, this process is uncontrolled and results in these monolithic
structures. This result was as expected, given the lack of a SDA. Therefore, we concluded

that spherical particles do not form in our reaction system without the presence of NaCas.
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Figure A4.2 Monolith structures formed when no NaCas is present. (a) 25 ml H>O, 3.2
ml sodium silicate, 12 ml NH,OH and (b) 50 ml acetate buffer (0.05 M, pH 5.94), 81 uL

sodium silicate.

Figure A4.3 shows SEM images of the solids formed when distilled water is used instead
of acetate buffer. These monoliths have no defined shape or size. This indicates that
slightly acidic pH, in the form of acetate buffer (0.05 M, pH 5.94), is needed to
conformationally change the NaCas into a form that can facilitate its structure-directing

ability.

Figure A4.3 Monolith structures formed when distilled water is used instead of acetate
buffer (0.05 M, pH 5.94).
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Table A4.1 Experimental conditions for 2° full factorial design with 2 replicates, 2 blocks,
and 1 centre per block. Factors: SS; sodium silicate, NaCas, sodium caseinate, CaCl>.
Response variable: PS; particle size. Each factor has two levels and each centre point is
midway between these levels. All terms are free from aliasing. Block generators are the
replicates.

RunOrder CentrePt Blocks SS NaCas CaCl PS PDI
(uL) (mg) (mM) (nm)
1 1 1 486 60 6 337.9 0.161
2 1 1 486 20 12 174.3 0.143
3 1 1 729 20 6 216.8 0.184
4 1 1 486 20 6 199.3 0.162
5 1 1 486 60 12 210.0 0.167
6 1 1 729 20 12 208.0 0.153
7 1 1 729 60 12 247.9 0.237
8 1 1 729 60 6 329.1 0.211
9 0 1 607 40 9 250.1 0.231
10 1 2 486 60 6 322.1 0.187
11 1 2 486 20 6 183.5 0.167
12 1 2 729 60 12 199.0 0.117
13 0 2 607 40 9 226.9 0.139
14 1 2 729 20 12 222.1 0.128
15 1 2 486 60 12 199.8 0.186
16 1 2 729 60 6 339.5 0.164
17 1 2 486 20 12 171.9 0.158
18 1 2 729 20 6 215.7 0.104

Table A4.2 Analysis of variance (ANOVA) for particle size. NaCas, sodium caseinate.

Source DF Adj.SS  Adj.MS F-Value p-Value
Model 9 53286.3 5920.7 32.80 0.000
Blocks 1 479.5 479.5 2.66 0.142
Linear 3 40352.9 13451.0 74.53 0.000
Sodium Silicate 1 2009.3 2009.3 11.13 0.010
NaCas 1 22030.0 22030.0 122.06 0.000
CaCl, 1 16313.7 16313.7 90.39 0.000
2-Way Interactions 3 12441.3 4147.1 22.98 0.000
Sodium Silicate*NaCas 1 482.9 482.9 2.68 0.141
Sodium Silicate*CaCl, 1 245.7 245.7 1.36 0.277
NaCas*CaCl» 1 11712.7 11712.7 64.90 0.000
3-Way Interactions 1 2.0 2.0 0.01 0.918
Sodium 1 2.0 2.0 0.01 0.918
Silicate*NaCas*CaCl»
Curvature 1 10.6 10.6 0.06 0.814
Error 8 1443.9 180.5
Total 17 54730.2
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Table A4.3 Factorial regression model summaries. Initial regression model included all
terms. Stepwise regression model identified and included terms from the initial model that
were less than or equal to oo = 0.05 and removed terms that were greater than o. = 0.05.

After stepwise regression

Initial

r-sq(pred) S r-sq  r-sq(adj) r-sq(pred)
86.64 % 143168 95.13% 93.63% 90.39 %

S r-sq  r-sq(adj)
13.4345 97.36% 94.39 %

Normal Probability Plot
(response is Particle Size)
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Figure A4.4 Normal probability plot of residuals (response is particle size).
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Figure A4.5 Polydispersity index (PDI) and corresponding particle size of the particles
synthesised via the DOE protocol.
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Figure A4.6 N: sorption isotherm and pore size distribution (inset) of R1 silica particles.
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Figure A4.7 DLS measurements of particles synthesised in factorial analysis (see Table
A4.1). (a) Run 1, (b) Run 2, (c) Run 3, (d) Run 4, (e) Run 5, (f) Run 6, (g) Run 7, (h) Run
8, (i) Run 9, and (j) Run 10.
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Figure A4.8 DLS measurements of particles synthesised in factorial analysis (see Table
A4.1). (a) Run 11, (b) Run 12, (c) Run 13, (d) Run 14, (e) Run 15, (f) Run 16, (g) Run 17,

and (h) Run 18.
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Chapter 5

Conclusion and Future Work
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5.1 Conclusion

Spherical silica is one of the most important materials used worldwide. The versatility of
these particles is virtually endless. The relative ease with which they can be produced and
modified means their application spans a wide range of industries. Due to their widespread
use, finding sustainable routes for their production is of particular interest. The traditional
Stober methods are inherently unsustainable and environmentally damaging due to their
reliance on petrochemically-derived reagents. Bioinspired synthetic routes which
minimise environmental damage and maximise sustainability must be prioritised. To this
end, the initial part of this thesis dealt with improving the efficiency of an already
established industrial silica process used by Glantreo Ltd. However, such improvements
in efficiencies, while having a positive effect on the overall sustainability of the process,
are self-limiting due to the inherent unsustainability of the reagents used in the process.
Therefore, the latter parts of this thesis focused on developing a sustainable biomimetic
process for synthesising spherical silica particles using biopolymers, mild conditions, and

water-based chemistries.

Chapter 2 described the statistical analysis of the process used by Glantreo Ltd. to
synthesise spherical silica particles. The effect that ethanol, TEOS, water, and ammonia
had on particle size was analysed and a method for controlling particle size based on input
reagent concentrations was produced. The objective was to analyse the Glantreo Ltd.
process by varying the concentration of each reagent and determining their effect on
particle size. Increasing the concentration of ethanol results in an increase in particle size.
An increase in TEOS concentration also results in an increase in particle size. Similarly,

increasing the concentration of ammonium hydroxide results in an increase in particle size
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up to 5.1 M ammonium hydroxide. Above 5.1 M ammonium hydroxide, the particle size
begins to decrease. Increasing the volume of water results in an increase in particle size
up to 0.8 ml water. Above 0.8 ml water, the particle size begins to decrease. The results

presented here agree well with other studies in the literature on the Stober process.

The statistical analysis of this Glantreo Ltd. process enabled the synthesis of silica
nanoparticles of controllable dimension, a key requirement for Glantreo Ltd. to
subsequently scale-up this process. Information acquired during this analysis allowed for
an efficient and high-yielding scale-up. In terms of increasing sustainability, these
iterative, small improvements in process efficiencies typify current attempts by industry
to reduce greenhouse gas emissions and to pollute less in general. Unfortunately, to this
end, such approaches suffer from two basic issues — diminishing returns and the
fundamentally toxic nature of the reagents involved. There is only so far one can push
these increases in efficiency, before you cannot increase sustainability any further. At that
point you are still generating pollution, though less. Those pollutants are highly toxic,
often bioaccumulate, and come with large embedded environmental costs that are not
addressed by the increases in efficiency within the silica production processes. There is
an important place for such methods, and that is to buy us time to more fundamentally
address the issues of current industrial production but, they are not an ultimate solution.
There have been many studies looking at improving the sustainability of the Stober
processes. Some, like the work presented here, focus on optimising the efficiency of the
process by using less reagents or maximising yield. Others focus on altering the process
and using more sustainable reagents such as biomolecules and benign experimental

conditions. Currently, much of the focus has been on employing the principles of green
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chemistry to achieve the goal of sustainable syntheses. The work presented in this chapter
represents a first-step approach, which is often used in industry, that minimises the

changes to the reaction but maximises efficiency.

Chapter 3 described the use of phosphatidylcholine and soy lecithin to synthesise
spherical silica particles. Phosphatidylcholine was combined with soybean oil, acetate
buffer, and sodium silicate, yielding polydisperse spherical particles. Soy lecithin was
combined with acetate buffer and sodium silicate, giving spherical and more
monodisperse particles than the phosphatidylcholine system. DLS data of
phosphatidylcholine in acetate buffer and soy lecithin in acetate buffer showed that in the
absence of sodium silicate, soy lecithin forms polydisperse bilayer structures, while
phosphatidylcholine forms less polydisperse structures. Polydispersity data of the
particles obtained in the phosphatidylcholine system correlate with DLS for
phosphatidylcholine in acetate buffer. However, the particles obtained in the soy lecithin
system were more monodisperse than the DLS data would predict. However, temporal
evolution data of the soy lecithin system when sodium silicate is introduced shows that
the polydispersity index of the bilayer structures decreases and becomes unimodal. This
shows that the presence of sodium silicate reduces the size of the soy lecithin bilayer while
also narrowing their size distribution. Sodium ions from the sodium silicate penetrate the
headgroup double layer of the phospholipids, enhancing the attractive forces between
them, likely resulting in a change in curvature and reduced size. This effect was more
prominent in the soy lecithin system, likely because soy lecithin also contains
phosphatidylethanolamine and phosphatic acid, which are more sterically accessible to

the sodium ions. A mixture of Oswald ripening and coalescence was shown to occur at
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low phospholipid concentrations, while Ostwald ripening dominated at higher
phospholipid concentrations. Higher phospholipid concentrations also tended to increase
particle size. The use of phosphatidylcholine, soy lecithin and water-based chemistries
constitutes an increase in sustainability over the Stober processes. Both phospholipids can
be obtained from the waste streams of soybean oil production, thus valorising these by-
products. These phospholipids are biodegradable and renewable, which is in stark contrast
to the petrochemically-derived surfactants that are traditionally used. Such methods which
emphasise sustainability are gaining traction in the area of silica production and beyond.
While the quality of the particles presented in this chapter is not comparable to the quality
of the particles readily achievable with established Stober processes, the demonstration
that particles can be formed using soy lecithin and phosphatidylcholine in a sustainable
synthesis is nonetheless important. The more studies that show that biomolecules can be
used to synthesise silica, the faster the adoption and development of such processes

become.

Chapter 4 described the use of sodium caseinate to synthesise spherical silica particles in
a biomimetic and sustainable way. DLS data showed that sodium caseinate forms micelles
in solution and was demonstrated to act as an SDA to form spherical particles. In the
absence of sodium caseinate, no spherical particles are formed. Polydisperse spherical
silica particles were formed when using acetate buffer (pH 5.94), sodium silicate, and
sodium caseinate. The particles were observed to form via Ostwald ripening at low
concentrations of sodium silicate and a mixture of coalescence and Ostwald ripening at
high concentrations. At low concentrations of sodium caseinate particles form primarily

through coalescence, while at higher concentrations of sodium caseinate, a mixture of
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coalescence and Ostwald ripening occurs. Addition of calcium chloride to the acetate
buffer (pH 5.94), sodium silicate, and sodium caseinate system led to the formation of
monodisperse spherical particles. Calcium chloride interacts with the sodium caseinate
and stabilises the casein micelles. DLS data confirmed that addition of calcium chloride
decreased the size and increased the monodispersity of the casein micelles. Factorial
analysis and statistical regression of the calcium chloride system showed that the
interaction between calcium chloride and sodium caseinate had a statistically significant
effect on particle size. The regression equation obtained from the statistical analysis
showed good agreement (> 90 %) between the predicted and experimental particle sizes.
Experiments conducted at pH 4.94 also showed that particles with good dispersity could
also be produced at lower pH. Sodium caseinate can be obtained from the waste streams
of dairy production. Valorisation of such wastes increases the sustainability of silica
particle production. The monodisperse silica particles produced using our sustainable
biopolymer-based process would make ideal candidates for advanced applications such
drug delivery. Residual surfactants remaining in particles produced using traditional
Stober processes can pose health problems when used in vivo. Residual sodium caseinate
poses no such problems. Apart from this, the spherical silica particles synthesised using
our biopolymer-based method could be used in any application in which those synthesised
by traditional methods are used. Controlling monodispersity has been the most difficult
aspect when using biomolecules to produce silica particles. Chapter 3 is a good example
of this, and many other studies in the literature show that controlling this parameter is
difficult. Our results using calcium chloride and sodium caseinate show that achieving

relatively good monodispersity is possible using biomolecules in sustainable syntheses.
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5.2 Future Work

Our spherical silica particles were produced using biomimetic and sustainable methods
and could provide a way of producing such particles on larger scales. Organic solvents
and alcohols were shown not be necessary for spherical silica production. Renewable,
sustainable, and biodegradable biopolymers were used in lieu of petrochemically-derived
surfactants. Purely water-based chemistries remove the need for industrial solvent
recovery processes. Overall, producing spherical silica particles by biomimetic and
sustainable methods would greatly reduce the environmental damage caused by
traditional Stober processes. Industrial waste streams are a potential source of
biopolymers that can act as structural directing agents. Such agents are key to maximising
the sustainability of our proposed processes. Controlling the monodispersity of the final
particles is dependent on the biopolymer properties and reaction conditions. Finding
biopolymers which can mediate and control silica polymerisation while simultaneously
controlling morphology is the cornerstone of biomimetic silica synthesis. Identifying
more biopolymers that meet these criteria would promote further developments in this

field.

Elucidating the structure of phosphatidylcholine and soy lecithin in our acetate buffer
system would provide more insight into the specific role these biomolecules have on the
morphology of the particles. Small-angle neutron scattering (SANS) or small-angle X-ray
scattering (SAXS) would both be useful tools in this regard. Both techniques are routinely
used to determine biomolecular structures. This data would help to optimise the synthesis
conditions and hopefully improve the monodispersity of the particles produced using

phosphatidylcholine and soy lecithin. Determining whether the biomolecules could be
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recycled and used again after the synthesis would be an interesting study. If this were the
case, then the sustainability of the reaction would increase further. If the biomolecules
could be used for multiple syntheses, how many times, and their effect on the particles

would be useful to know.

The exact structure of the casein micelle is still debated in the literature, even with SANS
and SAXS data. Therefore, further work needed for our sodium caseinate synthesis should
focus on providing more detail on the mechanism by which casein controls silica particle
morphology. Using these particles produced with sodium caseinate in advanced
applications such as drug delivery or biosensors would be interesting further work. It
would also showcase that particles produced using such sustainable methods can achieve
parity with those made by traditional means. We have shown preliminary results
indicating that porosity can be achieved using biomolecular templates. Future work on
this should focus on developing and expanding these porous structures which would open

up many more applications for sustainably-synthesised particles.

We have shown that it is possible to synthesise spherical silica particles more sustainably
than can be done with Stober processes. Our hope is that such sustainable processes will
ultimately succeed the Stober processes, especially for larger-scale syntheses. However,
the work detailed here is only a tentative step in that direction, not least because the quality
of our particles is still below that of those made via traditional methods. There are
infrastructural barriers around municipal and industrial water treatment and processing
that must be addressed for water-based chemistries to be economically feasible at
industrial scales. These issues are beyond the scope of our work but are an ongoing focus

of the UN Sustainable Development Goals, numerous state circular economy initiatives,
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and various governmental and non-governmental green chemistry initiatives. However,
using biopolymers from waste streams of global scale industrial processes, such as
caseinate from dairy production wastes, provides a source of large amounts of the desired
biopolymers. In the case of dairy products, these are subject to increasing global demand
year-on-year, guaranteeing a steady supply of the necessary biopolymer. It is important
to note, however, that industries like dairy production generate large greenhouse gas
emissions, and future, regular life-cycle analyses should be part of any development of
circular economies and green chemistries — within silica manufacture and without. This
should be done to ensure that valorisation of waste streams does not lead to maintenance
of damaging industries that would otherwise fail economically without such valorisation.
This would represent a threat to supply of biopolymer sources, making source variety
critical. The fact that spherical silica can be achieved with other biomolecules, like lecithin
(another waste product), ensures flexibility and robustness of supply. Lecithin can also be
obtained from egg yolks, and with hundreds of millions of eggs thrown away every year,

this represents another example of a robust supply.

Using valorised waste streams of more than one process for products of increasing
demand also removes the need to compete for arable land to grow crops to meet
biopolymer demand. This means that no additional embedded environmental costs from
fertilisers, pesticides, etc. are incurred. Further, this prevents the wastes from which the
biopolymers are obtained from entering landfills or being down-cycled into agricultural
feeds where they break down and release methane gas, which has a potent greenhouse
effect, far greater than that of CO,. Yet another benefit is that the use of biopolymers from

valorised waste streams and the general reduction of organic reagents in industrial
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processes reduces the embedded costs associated with petrochemical production and
refinement. This is not to say that there are no greenhouse gas emissions embedded in the
production of biopolymers — of course there are. These will arise particularly from
processes needed to isolate them from waste streams, and from the use of water-based
chemistries, which currently requires far more energy to purify the primary solvent, water,
than organic solvents do. Part of the issue here is the lack of development of industrial
water purification infrastructures, which could lead to greater efficiencies in this area.
Ultimately however, if future life-cycle analyses prove that the use of organic solvents is
associated with lower long term greenhouse gas emissions, including all embedded costs,
than using water-based chemistries, then the water-based chemistry aspect of our work
must be cast aside. Fortunately, this does not mean that the use of biopolymers as
structural directing agents in spherical silica synthesis must be cast aside. Many
biomolecules, particularly proteins, can, if necessary, be made to work within organic
chemistries. This means that the reduced emissions associated with biopolymers valorised
from industrial waste streams could be retained and result in vastly decreased greenhouse
gas emissions. Should future life-cycle analyses prove this to be the case, then the
direction of research into the use of biopolymers for spherical silica production will have
to shift in this direction. The use of water-based chemistries, as in our work here, is
technically harder to achieve than sticking with established organic chemistries, so
pivoting in the direction of the latter would be simple. However, it is the opinion of the of
the writer of this thesis that, at this time in history, this does not seem likely to be the
future of this research. The highest priority problem to be solved for the planet right now

is that of human driven climate change and that means first and foremost we must reduce
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greenhouse gas emissions. This thesis shows that producing spherical and monodisperse
silica particles is possible using biopolymer-based syntheses and water-based chemistries,

and this is a small step towards achieving that.
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