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Abstract

The ability to design soft-materials with targeted rheological properties is a vital part of
the modern world. One type of soft-materials that are important across a range of indus-
tries from food and consumer goods, to paints and oil products are emulsions. Generally
speaking, emulsions are mixtures of oil and water, with a stabiliser which controls the in-
teractions between the droplets. Pickering emulsions are a subset of emulsions which utilise
a solid nanoparticle stabiliser to increase droplet stability. Pickering emulsions are becom-
ing increasingly attractive due to the wide, and varied, range of stabilisers available, along
with the remarkable stability that these systems can have.

Recently a number of workers have demonstrated the ability to tune the interactions
between high volume fraction emulsions (with modifications prior to emulsification), re-
sulting in the changes to the bulk strength of the emulsion systems and the droplet size
distribution. Additionally, some unique yielding behaviour has been uncovered in certain
situations, presenting an area which can be further investigated.

The work presented in this thesis has developed low volume fraction emulsion systems
with interactions between the droplets that were tuned post-emulsification. This was car-
ried out through two distinct processes, modification of the Debye length with the addition
of salt, and modification of the surface charge of the Pickering emulsifier by changing the
pH of the aqueous phase. The results of this have demonstrated low volume percentage
emulsions with interactions ranging from highly attractive through to repulsive between the
droplets while maintaining a consistent droplet size. These new systems have demonstrated
interesting rheological properties, with the attractive systems demonstrating significantly
higher strength than anticipated. In certain cases these low volume percentage emulsion
systems were demonstrated to show multi-stage yielding behaviour, something that has
previously only been seen for higher volume fraction systems. In addition to these proper-
ties, this work is thought to present the first case of a titania stabilised Pickering emulsion

system with tunable interactions, demonstrating a new material for future development.
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1 Introduction

1.1. Background

Emulsions are vitally important in a wide range of biological processes, industries, and
products including pharmaceuticals, paints, oil processing, and foods. Emulsions consist
of mixtures of two liquid phases that are substantially immiscible, where one phase is dis-
persed as discrete droplets throughout the other liquid phase. These mixtures are unstable
with respect to the droplet size, and require the inclusion of a stabiliser at the interface
between the two liquids. There are two general types of stabilisers that can be utilised
for this, surfactant emulsifiers, and Pickering emulsifiers. Surfactant emulsifiers typically
consist of molecular species with both hydrophilic and lipophilic functionalities. Pickering
emulsifiers consist of solid nanoparticles of a material discrete from the two liquid phases
of the emulsion. Pickering emulsions were originally described in the early 1900s, however
the field did not receive significant attention among researchers until the 1990{1 Picker-
ing emulsions have become of greater interest recently due to their remarkable stability
and wide array of potential “food-safe” stabilisers [IH7]. The stability of Pickering emul-
sions predominately arises from the mechanical barrier that the solid nanoparticles create
on the surface of the emulsion droplets, as well as network formation between additional
nanoparticles in the continuous phase. Altering the interactions between the nanoparticles
in Pickering emulsions provides a pathway to change the bulk properties of the material.
The effects of particle shape, size, and surface charge on the microstructure and rheol-
ogy of Pickering emulsions have been studied [8HI0]. These studies took the approach
of forming emulsions in the presence of particles of different surface charge (or shape).
This approach complicates the relationship between the particle interactions and emulsion
microstructure as the size of emulsion droplets stabilised by the particles, as well as the

extent of droplet aggregation varied with the particle charge (and shape).The work pre-

'A Google Scholar search for “Pickering Emulsions” citations between 1900 and 1990 finds about 50
results, while the same search between 1991 and 2019 finds over 10,000.
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sented in this thesis focused on altering the interactions (and hence aggregation) between
the nanoparticle-coated droplets after emulsification. These alterations have demonstrated
significant changes to the rheological properties, such as the yielding and flow behaviour
of the emulsion systems.

Rheology is one technique that can be used to understand the structures present in
emulsion systems, and has been used throughout the work presented here. Rheology al-
lows insight into the flow behaviours (the viscosity and stress response of a material to the
application under shear), and elasticity of a material (the ability of a material to resist
deformation under stress, and to return to the original shape after the stress is removed)
[11]. Bulk rheology measurements will demonstrate an increase in the magnitude of the
data when there is significant structure present in the emulsion. In addition, some re-
searchers have noticed complex, multi-step yielding behaviour of colloidal materials which
has been associated with attractive interactions between the particles generating struc-
tures with more than on characteristic length scale [8H10, 12HI5]. Changes in the rheology
and yielding behaviour of a number of Pickering emulsions will be considered in this the-
sis, with an overall goal of increasing the understanding of the structural changes that can
occur in these materials as a result of changes in the interactions between the nanoparticle

stabilisers present in the emulsion systems.

1.2. Aims

The research reported in this thesis aimed to create emulsions with micro-structures
ranging from well dispersed (repulsive) to flocculated (attractive) through the modification
of two different aspects of the surface chemistry of particle stabilisers (surface charge, and
Debye length); i.e. the use of ‘tuneable’ Pickering emulsifiers. Visual identification of the
microstructures of each emulsion was carried out using microscopy techniques. Rheological
changes resulting from the changes in the microstructure across the range of emulsions were
investigated. This allows insight into the effect that the microstructure of an emulsion

system can have on the bulk physical properties.

1.3. Chapter outline

This chapter expands on the aims of the present research by outlining the history of
Pickering emulsion study and rheology that led to the development of the research ques-

tions addressed in this thesis. It also sets the background for the experiments and results
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Fig. 1.1 The general structure of colloidal materials showing the discontinuous phases
dispersed throughout the continuous phase of the material. (A) Continuous
phase (white). (B) Discontinuous phase (grey).

that will be reported through this work. The study of colloidal and, more specifically,
emulsion systems will be discussed with considerations to the preparation of emulsions,
the factors affecting emulsion stability, the different types of stabilisers that can be used
to prepare emulsions, and some of the key properties of emulsions. The key experimental
technique used for the work reported in this thesis is rheology. The history, different types
of rheometers, and a range of routinely used experiments will be outlined. One of key
feature that will be shown throughout this work is the difference between emulsions with
altered interdroplet interactions. The changes in the rheology of these materials demon-
strated in previous works will be discussed, with an outline of the areas of work that still
require further investigation. Finally, the scope of this thesis and a brief outline of each

chapter is included as a guide to this work.

1.4. Colloids

Colloidal dispersions, at the most general description, are multi-phase systems where one
of the phases is dispersed throughout the other phase. Each of the phases can be either
solid, liquids, or gases, with the general material type for the colloid being dependent on the
specific combination [16} [I7]. It is important to recognise the distinction between colloidal
systems and molecularly-solubilised materials. In a colloidal system, there are at least two
distinct phases (Fig. . In a molecularly-solubilised system, the solute is dissolved into
the continuous phase, resulting in only a single phase. This leads to a difference in the
systems where the dispersed phase in a colloid is much greater in size (nano to micrometer

scale), compared to that of a molecular system (Angstrom scale).
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The research area of colloids is one that has expanded greatly since it was first named
over one hundred and fifty years ago, with well over one million articles found in a Google
Scholar search for “colloids” [I8]. Despite the first recognition of colloids in 1861, colloidal
materials had been artificially prepared and studied much earlier, with the production
and inclusion of gold nanoparticles in glasses made in the 4th century [19]. As the area
of colloids developed, further investigations into these materials demonstrated that the
stability of aqueous colloidal suspensions were strongly dependent on the ionic strength of
the continuous phase, indicating the ability to tune the interactions between for example,
gold nanoparticles [20]. Calculations that model the interaction energy between colloidal
systems such as these were independently developed by two groups during the 1940s,
resulting in the Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory [21} 22]. This
model will be discussed further in Section [[.4.1.3] Further developments to this model
have been added over the years, each accounting for previously unrepresented phenomena
such as hydration forces [23] 24].

These examples of colloidal materials have focused on solid-in-liquid colloids, sols, ig-
noring the wide range of other colloidal materials that have been studied. As mentioned
earlier, colloidal materials are multiphase systems, where the dispersed phase is of suffi-
ciently small size. As such, there are a number of different material types that can be
prepared. The range of materials that can be prepared as binary mixtures of two phases
are outlined in Table Each of these material types have common, well known exam-
ples which are present in modern life, ranging from solid and liquid aerosols like smoke
and fog, to soap foams, cheese, and milk representing foams, gels, and emulsions. Each
of these materials demonstrate properties that are different and altered from those for the

individual component phases.

1.4.1. Emulsions

One of the colloidal types listed in Table are emulsions. Emulsions are a colloid
formed when two (generally) immiscible liquids are mixed forming a series of disrupted
liquid droplets of one liquid spread throughout the other continuous liquid phase. These
dispersions of two liquid phases are unstable, and the dispersed liquid droplets progressively
come together due to van der Waals’ forces resulting in bulk separation of the two liquid
phases, particularly when they have different bulk densities. To combat this instability,
emulsifiers are added to help stabilise the emulsion. There are a range of different general

emulsions, with the key difference being the size of the dispersed droplets present in the
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Table 1.1. Specific combinations of phases in colloidal systems and the resultant materi-

als.
Continuous phase Dispersed phase Material type
Solid Solid Solid sol
Solid Liquid Gel
Solid Gas Solid foam
Liquid Solid Sol (suspension)
Liquid Liquid Emulsion
Liquid Gas Foam
Gas Solid Solid aerosol
Gas Liquid Liquid aerosol
Gas Gas N/A (Molecular mixture)

emulsion material. Macro-emulsions are the most common type of emulsions, and have
droplets that are 1pm to 100 pm in diameter [25]. Due to the size of macro-emulsion
droplets, the emulsion material will appear opaque and generally white (provided the
emulsion materials do not contain coloured components or dyes). This opaqueness and
colouration is due to the scattering of the light passing through the material. The emulsions
prepared and studied in this work are all macro-emulsions. Nano-emulsions are at the other
end of the size scale with droplet diameters of 20 nm to 500 nm [25]. These are relatively
uncommon currently outside of research settings; however they display significant promise
for future applications. The smaller droplet size of these emulsions yields altered optical
properties. Nano-emulsions will often tend towards being transparent. This is due to
the droplet sizes being smaller than the wavelength of visible light, resulting in very little
scattering.

Emulsions are a vitally important part of modern-life, with many industrial uses for these
materials. One area in which emulsions are heavily used is food products. There are a
number of food products that are either biologically-produced or artificially manufactured
emulsions, which exhibit a range of properties. Some examples of biologically-produced
emulsions are dairy products. Dairy products are a hugely important example of emulsions,
which have a range of physical properties from soft-solid materials such as butter and
cheese, to foams like whipped cream, or liquid cream and milk. The physical properties of
each of these materials are determined by changes to the microstructure of these materials
that originate from an emulsion.

In addition to the popularity of emulsions as food products, these materials have also
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been used in a range of industrial uses such as insecticides, oil recovery, paints, and drilling
fluids [26H29]. These materials are utilised in each of these cases for their unique abil-
ity to contain both lipophilic and aqueous components, giving the materials exploitable

properties.

1.4.1.1. Emulsification

Emulsification is the process that involves the mixing of at least two liquid phases and
results in the formation of an emulsion. As emulsions are generally comprised of immiscible
liquids, this mixing is a thermodynamically unstable process, and requires the input of
energy to form an emulsion. The energy input into the system results in the discontinuous
phase breaking down into smaller droplets. The formation of these smaller droplets is in
constant opposition to the merging of droplets which, if unopposed, will lead to complete
phase separation. To reduce this complete phase separation, emulsifiers are used to stabilise
the emulsion systems. A range of the common types of emulsifiers will be discussed in the
next section (Section . The energy required to form these droplets can be added
through a number of different methods. Some of the more common methods that relate to
the work carried out in this thesis are are demonstrated below. Other methods have been

detailed in previous works [30]:
e High-speed homogenisers (Fig.

High-speed homogenisers are simple, yet effective method for the preparation of
coarse emulsion materials. A high-speed homogeniser utilises a rapidly spinning
inner rotor in combination with a fixed stator to impart a shear force on to the
liquid materials. The rotation of the rotor draws liquid into the centre, before it is
passed centrifugally through the gaps in the homogeniser in a turbulent manner
and then returned to the bulk liquid. High-speed homogenisers are one of the
more routinely utilised methods for the formation of an emulsion due to their
relatively simple design, simplicity of use, and ability to be scaled to process a
range of volumes. One possible downside of a high-speed homogeniser is accessible
droplet sizes. The droplet size is limited by the energy input by the rotor, and
can be varied through alterations to the rotor speed (with practical upper limits),

geometry, homogenisation time, and the viscosities of the liquids [11], [31].
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Fig. 1.2 Schematic diagram outlining the general structure of a high-speed rotor-stator
homogeniser. The inner rotor spins resulting in the shearing of the liquids be-
tween the rotor and the stator.

e High-pressure homogenisers (Fig.

High-pressure homogenisers are a method utilised to form emulsions with small
emulsion droplets by passing a coarse (large droplet size [32]) emulsion through
a small valve opening at high pressure as shown in the diagram of Fig. [I.3] This
results in the coarse emulsion droplets impacting the valve piston and impact ring,
splitting into smaller droplets as the material passes through the orifice. High-
pressure homogenisers can form emulsions with very fine droplet sizes, however
issues can be had with emulsions containing solid particulate materials, and the

droplet size distribution can often be variable [33].

e Ultrasonic homogenisers (Fig.

Ultrasonic homogenisers act to break down emulsion droplets through high fre-
quency vibrations as is outlined in Fig. [[.4] These vibrations result in cavitation
occurring throughout the emulsion material, imparting a significant amount of en-
ergy onto the liquid, resulting in cavitation, turbulent flow, and high shear [34].
As there is no flow induced in the sample, the area affected by the shear is small.
This limited shear area is one of the downsides of an ultrasonic homogeniser,

which limits its use to small laboratory volume samples.

Each of these methods works by breaking up the dispersed phase liquid into smaller
droplets forming an emulsion. The disruptive forces produced by the homogenisers drive

the breakdown of these droplets. In constant opposition to this disruptive force are the
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Fig. 1.3 Schematic diagram outlining the general structure of a high-pressure ho-
mogeniser. (a) High-pressure flow of a coarse emulsion. (b) Coarse emulsion
before high-pressure homogenisation. (c) Entry valve. (d) Ejected fine emulsion
droplets at low pressure. (e) Impact ring. (f) Valve piston. (g) High pressure.

(c)

Fig. 1.4 Schematic diagram outlining the general structure of an ultrasonic homogeniser.
(a) Ultrasonic probe with high frequency vibrating tip. (b) Homogenised emul-
sion.
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interfacial forces, which drive the emulsion droplets to reduce the interfacial surface area.
Left unchecked, the interfacial forces will lead to complete phase separation. This interfacial
force is known as the Laplace pressure (APp) given by Equation [351, [36]:

N (1.1)

a

in which, « is the surface tension between the two liquid phases, and a is the droplet
radius. From this, it is clear that an increase in the droplet size reduces the pressure
gradient between the two phases. The inverse of this, where the pressure is high at small
a results in a large pressure gradient, driving the droplets towards coalescence.

This small selection of some of the more common homogenisation techniques gives an
account of how emulsions can be formed in a laboratory setting, while outlining some of
the differences between each of these techniques. The choice of method depends largely on
the desired properties of the final emulsion, and the choices of the users, with each method
having certain advantages and disadvantages. The tools used for the formation of emulsions
throughout this work were high-speed rotor-stator homogenisers due to limitations with

the other homogenisation techniques demonstrated above.

1.4.1.2. Emulsion types

As discussed in Section[I.4.1], emulsions are dispersions of one liquid phase within another
liquid. Each of these liquids can be broadly categorised as either “water” or “oil”. While the
majority of emulsions encountered in the everyday world are oil-in-water emulsions, where
there are oil droplets dispersed in a bulk water phase, other combinations of oil and water
phases are possible. The range of single emulsions possible include oil-in-water (o/w) [37],
water-in-oil (w/o) [38], water-in-water (w/w) [39], and oil-in-oil (0/0) [40]. Each of these
combinations require specific combinations of oil phase, water phase, and emulsifiers, with
the selection of these determining the type of emulsion prepared.

In addition to these “simple” emulsions where there are two liquid components, multiple
emulsions can be formed. Multiple emulsions are emulsions that contain liquid droplets
nested inside other droplets of an emulsion [41]. Multiple emulsions can be comprised of
different combinations of either oil or water phases, with examples of water-in-oil-in-water
(w/o/w) [42], oil-in-water-in-oil (o/w/0) [43], oil-in-oil-in-0il (0/0/0) [44], and water-in-
water-in-water (w/w/w) [45] all appearing in the literature. The emulsions investigated in

this work are all “simple” oil-in-water (o/w) emulsions.
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1.4.1.3. Emulsion stability

Emulsions are unstable. Due to thermodynamics an emulsion system, given sufficient
time, will breakdown and phase separate. External forces such as electrostatic, solvation,
and gravitational forces influence this thermodynamic instability. That being said, it is
possible to generate emulsions that are stable over finite time scales, due to kinetic stabili-
sation of the droplet interfaces. This kinetic stabilisation is carried out by emulsifiers, and
aids in reducing possible contact between the two emulsion droplets. Limiting the contact
between emulsion droplets reduces droplet coalescence, slowing the emulsions breakdown.

Droplets in an emulsion at rest have a number of forces acting upon them that will
result in changes to the material over time. One of the main forces that will act on an
emulsion is gravity. In an emulsion, gravity will drive the separation of component liquids
by density, with the less dense liquid rising to the top of the emulsion. Another two of
the forces that act on emulsion droplets are the attractive van der Waals force, and the
repulsive electrostatic force. These forces may be significant between any two materials on
the colloidal scale, and the summation will give a net interaction between the materials.
The sum of these forces will result in the attraction or repulsion of pairwise interactions
between the droplets present in the emulsion materials. There are a number of other
forces that occur between droplets in an emulsion, such as depletion, and hydration forces,
however these will not be considered in this thesis [23, 24 [46-48].

The breakdown processes that occur in emulsions can be broadly classified into four cate-
gories; flocculation [49], creaming/sedimentation [50, 5], coalescence [521H54], and Ostwald
ripening [11], 55, 56] (Fig. [L.5). Each of these, along with some of the forces that give rise

to these phenomena, and results are discussed here:
e Altering interactions

Of the forces acting on emulsions, the attractive van der Waals, and repulsive
electrostatic forces are the most directly related to the work presented here. These
two forces occur between any two objects, and are affected by a number of factors.
The repulsive interaction between two charged objects arises from the overlapping
interactions of charges at the object surfaces. The materials that are used in this
work are assumed to be spherical for ease of the calculations, as such the equations
provided are for spherical objects.

The repulsive interaction energy, ¢r(D), between two charged spheres is first

shown in Equation [23, 24, 48] 57,
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Fig. 1.5 The breakdown processes in emulsions. (a) Reversible flocculation. (b) Re-
versible creaming or sedimentation. (c) Coalescence. (d) Ostwald ripening.

11



1. Introduction

12

32mecgakd T2~2
or(D) = "0 BT exp(—kD) (1.2)

€222

in which a wide range of variables and constants are demonstrated to alter the
repulsive interaction energy. This includes €, €y, and a which are the relative
dielectric constant of the solvent, the dielectric constant of a vacuum, and the
particle radius respectively. kg, T, e, and z are the Boltzmann constant, absolute
temperature, charge of an electron, and charge of the symmetrical co-electrolyte
species, while D is the closest separation distance between the two spheres (the

separation between centers of mass is D+2a). v and & are described in Equations

and [I.4] respectively.
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Equation includes a term that accounts for the charge of the spheres (the
potential energy at the Stern layer, the layer at which counterions are tightly
bound which is outlined in Fig. , (g4, which in this work is the measured
zeta potential [57].

Equation calculates the inverse Debye length for a particle suspended in a
liquid with a monovalent salt concentration of ¢ (in molL~!), with R as the gas
constant, and F' as the Faraday constant. The Debye length is a measure of how

far into a solution the electrostatic effect of a material will propagate.

1 eeoRT
R ST (14)

These equations demonstrate how the charges on the surface of a pair of spher-
ical objects can contribute the repulsive interaction energy between them. In
addition to these repulsive interactions, pairs of spherical objects can also expe-
rience attractive van der Waals interactions. An attractive interaction occurs be-
tween two objects due to induced electrical interactions between two objects, and
is very sensitive to the interaction distance. This attractive interaction, ¢4 (D),

is shown in Equation 58],

H a? a? 1 4a?
¢4(D) = 3 |D(4a+ D) - (2a + D)? * §1n (1 20+ D)2>] (15)
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and is demonstrated to be heavily influenced by the separation distance between
the two spheres, D, while also considering the Hamaker constant for the given
materials, H. With both the attractive and repulsive forces between a pair of
objects, it is relatively straightforward to determine the total interaction energy,

¢r(D), from the sum of these as provided in Equation

¢1(D) = ¢r(D) + ¢a(D) (1.6)

These interactions between the particles in a colloidal system or emulsion can
give indications of the separation distance (at the secondary minimum of ¢ (D)
provided the thermal energy of the system is low enough) of object pairs, and as

such, allows predictions around the flocculation of a material to be made.
e Flocculation

If the repulsive interactions between the droplets of an emulsion are limited, the
droplets will be attracted together. If the energy barrier to coalescence is limited,
then this attraction between the emulsion droplets results in the formation of
aggregates of droplets, without immediately causing the droplets to change in
size [49, 50, 59]. Droplets that have flocculated and formed aggregates or flocs
are commonly able to separate from the floc with simple mixing, reverting to
individual droplets. The properties and strength of the flocs formed are dependent
on the droplet fraction and the attractive energy between droplets. If the droplet
fraction is increased, the number of flocs or number of droplets in each floc will
be larger, resulting in an increase in the structure present in the emulsion. In
addition to this, increasing the attractive energy between the oil droplets will
result in flocs, which are less likely to shed droplets, and will add more elasticity
to an emulsions bulk structure. Flocculation will generally result in increases to

the rate of creaming/sedimentation due to the size of the flocs increasing.
e Creaming/sedimentation

As mentioned above, gravity is one of the forces that, unsurprisingly, acts on the
components of an emulsion. When an emulsion is prepared with liquids that are
not density matched, the more dense liquid will move downward, while the less
dense liquid rises. This process is known as creaming if the droplets rise or sedi-

mentation if the droplets fall. The typical example of this is less dense oil droplets
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rising to the top of an oil-in-water emulsion. The rate of creaming is determined
by a number of factors including the continuous phase viscosity, the difference in
densities of the liquids, and any network formed between the emulsion droplets
[60H62]. Creaming/sedimentation is a reversible process, with light mixing or ag-
itation often re-suspending the droplets [51]. The creaming/sedimentation of an
emulsion can be a detrimental process, due to the droplets coming into close con-
tact, which can often allow the droplet liquids to contact, eventually resulting in

complete phase separation.

e Coalescence

Coalescence is the first irreversible emulsion destabilisation process discussed here.
Coalescence is the combination of two droplets to form a single larger droplet, and
occurs after creaming or flocculation due to the close contact of the droplets if the
energy barrier preventing droplet merging is less than the thermal energy of the
system. Coalescence is not a reversible process without the re-homogenisation
of the material. When the droplets come into close contact the shape of the
droplets may become distorted, leaving a flat contact zone between the drops
[63]. Separating this contact zone of the two droplets is a thin liquid film of the
continuous phase. If the attractive forces between the two droplets are dominant
at the specific separation distance, the film will drain and the droplets will merge
[II]. The inclusion of emulsifiers at the droplet surface will reduce the effect
of coalescence by adding a steric barrier between the droplets. In the case of
Pickering emulsions, the focus of this work, the energy barrier is physical in
nature (Section [1.4.1.5). The rate of coalescence is dependent on a number of
factors including the droplet size, the emulsifier loading, and the volume fraction

of the system [64], 65].

e Ostwald ripening

Ostwald ripening is an interesting process that can alter the size distribution of
droplets in an emulsion, while leading to breakdown of the emulsion. Ostwald
ripening involves the transfer of molecules from small droplets into larger droplets
without direct contact between the two drops [56]. This occurs through diffusion
of the generally sparingly soluble discontinuous phase molecules through the con-

tinuous phase between droplets due to the partial solubility of the discontinuous
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(a) (b)

Fig. 1.6 General structure of a surfactant molecule. (a) Hydrophilic head group. (b)
Hydrophobic tail. Diagram is not drawn to scale.

phase. The diffusion of these molecules is a result of the differences in curva-
ture of the droplets, with the highly curved small droplets being less energetically
favourable when compared to the less curved larger droplets [56]. Ostwald ripen-
ing is an irreversible destructive process for emulsions, and will result in the full

breakdown of the material given sufficient time.
o Complete phase separation

Emulsions by definition are phase separated as the two liquid phases are not
solvated in each other. However, the term phase separation is often used in
emulsion science to describe the breakdown of the emulsion droplet structure,
which is also known as complete phase separation. Complete phase separation
is the result of destructive processes that have been discussed. Complete phase
separation occurs when all emulsion droplets have combined, leaving the two
component liquids separated by a single continuous interface. References to phase

separation throughout this thesis are referring to complete phase separation.

1.4.1.4. Surfactant stabilised systems

Surfactants have long been used to stabilise emulsions as emulsifiers due to their amphi-
pathic structure. The structure of these molecules have a hydrophilic head group, while
the tail of the surfactant is hydrophobic, as illustrated by a general structure in Fig. [1.6]
This structure results in the surfactant being preferentially adsorbed onto the interface of
the droplets of liquid in an emulsion as demonstrated in Fig. [I.7] This adsorbed layer of
surfactants adds a barrier between the emulsion droplets, while also lowering the surface

tension of the interface, reducing the coalescence occurring in an emulsion system.
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Fig. 1.7 General structure of an emulsion droplet coated with a surface layer of surfactant
molecules. The grey circle represents an oil droplet, with the surfactant molecules
surrounding the droplet. Diagram is not drawn to scale.

There are a number of different types of surfactants that can stabilise emulsions:
e Anionic: Negatively charged head group.
e Cationic: Positively charged head group.
e Non-ionic: Uncharged head group.
e Zwitterionic: Both positively and negatively charged head group.

The type of emulsion prepared depends not only on the volume percentages of each liquid
phase, but also on the chosen type of emulsifier, and as such, care must often be taken

when preparing surfactant stabilised emulsions.

1.4.1.5. Pickering stabilised systems

The stabilisation of emulsions is not only possible with surfactant molecules, but also
with finely divided solid particles; these are termed Pickering emulsions. Pickering emul-
sions were first discussed in the literature over 100 years ago by Ramsden and Pickering,
where they noticed solid particles coating liquid-liquid interfaces [66], [67]. Despite this
long history, research into Pickering emulsions only received substantial attention in the
late 1900s, with a vast number of different Pickering emulsifiers now being displayed from
inorganic powders such as silica [52, [68-70], titania [7TIH73], and magnetic iron oxide [74],
through to more complex man-made solids such as carbon nanotubes [75], [76], or metal-

organic-frameworks [77]. In addition to these, a range of natural food-safe solids such as
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Fig. 1.8 General structure of a Pickering stabilised emulsion droplet. (a) Finely divided
solid particles located at the droplet interface. (b) Discontinuous phase of the
emulsion. Diagram is not drawn to scale.

soy and whey proteins [IH3], or starches [6l [7] have also been demonstrated to assist with
the formation of Pickering emulsions [78].

The stabilisation of emulsion systems with Pickering emulsifiers is due to the irreversible
adsorption of the solid particles to the interface between the liquids (Fig. [78,[79]. For
the particles to adsorb to the interface, they must be partially wettable by both compo-
nent liquids, allowing the particles to sit between the two liquids. When adsorbed to the
interface, the free energy of the interface is reduced due to the partial wettability of the
particles and the minimisation of the total exposed liquid interfacial surface area, result-
ing in the trapping of the particles at this interface. The reduction in energy (AE) of the
interface is given by Equation [0 &1],

AE = 12y (1+/ - |cosb,|)? (1.7)

where a is the radius of the particle, v, is the interfacial tension, and 6. is the contact
angle of the particle with one of the liquids (conventionally the aqueous phase). When the
contact angle is lower than 90° the equation employs a —|cosf.| term, while the form is
+|cosf.| when the contact angles greater than 90°. The energy required to remove a 0.5 pm
particle located at an interface (6, = 90°) with an interfacial tension of ~50 mNm~! has
been found to be ~10 x 10 k g T, a significant barrier to overcome before a particle can
be freed [81, 82].

The wettability of the particles is demonstrated through the contact angle of the solid

particles and the liquid-liquid interfaces present in Pickering emulsions, as shown in Fig.
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Oil

Water v

Fig. 1.9 Demonstration of the contact angle (6.) of a solid particle with radius a at an
oil-water interface.

Contact angles for these colloidal particles are measured with respect to the aqueous
phase, and as such are low when the particle is hydrophilic and preferentially wet by the
aqueous phase, or large when the particle is hydrophobic and wet preferentially by the
oil phase. The contact angle that is measured for a given particle and set of liquids will
determine the type of emulsion that is formed. When the contact angle is less than 90°,
the emulsion formed will typically be an oil-in-water emulsion. In contrast to this, when
the contact angle is greater than 90°, the emulsion will typically be a water-in-oil emulsion
[73], 3], 84]. This results in the particles locating predominantly in the continuous phase of
the emulsion, on the outside curvature of the droplet, reducing steric interactions between
the particles [85].

Another feature of the particles that can aid in the stabilisation of Pickering emulsions
is the extent of flocculation of the nanoparticles. In order to effectively stabilise a Pick-
ering emulsion the particles should be slightly flocculating. This slight flocculation is an
indication that the electrostatic repulsive energy between the particles is limited, and that
the particles will be able to close pack at the liquid-liquid interface [69].

In contrast to surfactant stabilised systems, where the surfactant molecules lower the
interfacial tension, the effect that Pickering emulsifiers have is a more complicated topic.
In specific cases the effective interfacial tension has been demonstrated to decrease at low
particle loading. However, increasing the particle concentration results in an increase to
the surface tension due to the capillary forces between the particles at high concentration
[86]. Other workers concluded that the interfacial tension is not appreciably altered by the
inclusion of solid particles at the interface [87].

As Pickering emulsifiers are by definition solid, the way in which they stabilise an emul-

sion system is through providing a physical barrier. When there are sufficient Pickering
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emulsifiers added to a system, the surfaces of the droplets will be fully coated with solid
material. This solid material limits the contact between neighbouring droplets of the dis-
continuous phase, and decreases the rate at which the thin film formed between the droplets
can drain [88].

Along with the physical barrier afforded by the Pickering stabilisers, in some cases there
can be an excess of particles throughout the continuous phase. This typically occurs of
emulsions stabilised by fumed silica or clay particles. This excess of particles in some cases
have been demonstrated to form either bridges between droplets, or a gel network through-
out the continuous phase [89]. Each of these processes have effects on the structure of the
emulsion material, including increasing the stability of the emulsion. Ganley and van Dui-
jneveldt [90] investigated the rheological properties of a Pickering emulsion system with
an excess of Pickering stabiliser across a range of salt concentrations. In this work they
altered the rheological properties of hexadecane-in-water emulsions stabilised by montmo-
rillonite particles by adding salts to the aqueous phase of the emulsion. This addition of
salt was demonstrated to alter the strength of the gel network formed by the excess of Pick-
ering stabiliser, and as such change the rheological properties of the emulsion. They found
that the emulsion droplets in this system also interacted with the gel network formed, in-
creasing the strength of the emulsion as the droplet concentration is increased. Ganley
and van Duijneveldt highlighted the similarity between this behaviour and that of protein
stabilised gels.

A previous study by Dickinson [91] compared the interactions between protein stabilised
emulsion droplets and the gel networks that can be formed in the aqueous phase. In this
work, Dickinson demonstrated that the protein stabilised emulsions can be either active,
or inactive fillers in the gel network. An active filler was demonstrated to increase the
strength of the emulsion as the droplet volume percentage is increased, compared to an
inactive filler which decreases the strength of the emulsion with increases in the droplet
volume percentage.

In addition to stabilising drops by forming a protective shell around the drops and by
forming a gel-like network in the continuous phase, the solid particles used often carry a
surface charge. Coating an emulsion droplet with these charged nanoparticles will result
in a net charge on the emulsion drop. This leads to an electrostatic repulsion between
neighbouring droplets, in a way similar to that of ionic surfactants [89].

As the surface charge of Pickering emulsifiers can often have significant impacts on the

stability and structure of the emulsions they form, understanding the charging behaviour is
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Particle Surface

Stern Layer
Slip plane’
O :Counterions
Fig. 1.10 A schematic example of the distribution of counterions surrounding a charged
object. Grey circle is an object with a charged surface. Blue circles represent
the corresponding counterions surrounding the object. The separation between
the particle surface and the Stern layer is typically on the order of the ionic

radii, while the slip plane separation is determined through the Debye length
for the solution.

important. When a charged particle is in an aqueous environment, the local concentration
of counterions will increase due to the electrostatic attraction, as shown in Fig. [L.10]
The layer of counterions immediately surrounding the particle are known as the Stern
layer. As the distance from the particle is increased, the counterions become less strongly
attracted, and will slip away from the particle as it moves through the containing aqueous
phase. The boundary that this begins at is the slip plane, and is the point at which
the zeta potential is measured [92]. The zeta potential is a useful tool for understanding
charging behaviour and stability of colloids. An increase in the magnitude of the zeta
potential of dispersed particles in a colloid demonstrates an increase in the electrostatic
repulsion between neighbouring colloidal particles, leading to a more stable system. The
zeta potential of colloidal dispersions can be investigated by measuring the particle velocity
with light scattering while an electric field is applied across the dispersion.

As the zeta potential of a particle is not measured at the particle surface, but rather at
the slip plane, it is very sensitive to the addition of salt. Increasing the salt concentration

of a particle dispersion will result in an increase in the concentration of counterions located
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within the slip plane of the particle. This reduces the apparent zeta potential of the particle

(Equation [93].

1.4.1.6. Characteristic properties of emulsions

Emulsions demonstrate some interesting properties due to their unique composition and
structure. One of these properties is the colouration of emulsions. An emulsion prepared
with both transparent oil and water solutions will generally appear as an opaque white
material. This colouration is due to the scattering of light by the emulsion droplets. While
this effect is seen in a wide range of emulsions, it is not the case for all systems. If the
emulsion droplets are less than ~100nm, the material will begin to become transparent.
This is due to the droplets being smaller than the wavelength of visible light, limiting the
multiple scattering that occurs. Light scattering will still occur from Rayleigh scattering
in these systems [94].

Many of the properties of an emulsion system are related to the size of the droplets
present in the system. It can be seen then that having knowledge of the size of these
droplets is an important factor for understanding a given emulsion system. There are
a range of methods that can be used to measure the size of colloidal particles such as
the drops of an emulsion, including a number of microscopy techniques, dynamic light
scattering, and laser diffraction [95] [96].

In addition to these properties, emulsion systems often have a significant structure
formed between the droplets. This structure can result in an emulsion system that displays
more solid-like viscoelastic behaviours [97|. Pickering emulsions also demonstrate this in-
creased behaviour due to both the emulsion droplets present, and the excess stabiliser
forming a network throughout the system [911 [98]. These network structures are best in-
vestigated through rheological techniques, and allow comparisons between the extent of

network formation to be made, something that will be carried out in this work.

1.5. A brief history of rheology

Since the initial coining of the term “Rheology” by Forel over one hundred years ago,
rheology has developed into a wide and varied field [99]. Broadly speaking, rheology is
the study of deformation and flow of materials, with the name deriving from the Greek
words “rheo” (to flow), and “logos” (science). The development of tools for understanding
soft-materials has been a steady and ongoing process, with early interest largely surround-

ing understanding viscous fluids. Simple viscosimeters have been in use since the 1830s,
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and were used to develop theories about the viscosity of fluid materials [100]. Signifi-
cant developments with regards to understanding the flow curves and the yield stresses of
materials were made in the early 1900s, with Bingham, Herschel, and Bulkley presenting
models for understanding the yield stress of materials [101], [102]. The 1940s bought about
the understanding that both solids and liquids can be described as viscoelastic in their be-
haviour, a significant step forward for research into soft-materials [103]. Sales of the first
commercial rotational and oscillatory rheometers began in the 1950s, allowing easier ac-
cess to understanding the viscoelastic properties of materials, with significant incremental
developments to capabilities of rotational rheometers since then. Throughout the history
of viscosimeters and rheometers, the properties of a wide range of material types, including
emulsions, have been investigated in a number of different situations. The work presented
here primarily looks to investigate the rheological properties of a range of emulsion sys-
tems, further demonstrating the use of rheology as a tool for understanding a materials

properties and microstructure.

1.5.1. Definition of terms

There are a number of key terms that will be used to discuss the rheological properties
of materials throughout this work. A number of these terms are defined here, along with

associated relationships.
e Shear stress (1)

In a mechanical sense, stress is a fundamental quantity that is defined as an
applied force divided by the area of its application. There are two main types of
stress that can be applied to an object, a normal stress (where the applied force
is perpendicular to the object it is acting on), and shear stress (where the force
is applied parallel to the object). All stresses that are discussed in this work are

shear stresses. The shear stress applied to a material is defined in Equation [L.8]

T=— (1.8)

where 7 is the shear stress in Nm™2, F is the applied shear force in N, and A is

the area that the shear is applied to in m?

e Shear strain (v)

The shear strain of a material is the result of a deformation or stretching of the

material. When a shear is applied to a material, the material will be deformed in

22



1.5. A brief history of rheology

one dimension, the ratio of this deformation and the height of the material is the

shear strain. This is defined by Equation [1.9]

V= (1.9)

where 7y is the dimensionless shear strain, Az is the deformation distance in m,

and h is the separation distance between the shear boundaries in m.
e Shear rate ()

When a shear strain is applied over time the rate of movement is known as the

shear rate, and is defined by Equation [I.10]

i = - (1.10)

1 1

in which  is shear rate in s7*, v is the velocity of the boundaries in ms™, and

h is the separation distance of the two boundaries in m.
e Viscosity (n)

The viscosity of a fluid material defines how resistant to flow said material is.
The viscosity of a system is an intrinsic property caused by the internal frictional
forces between the molecules (or microscopic components) which are moving at
different rates throughout the system. The discussion of viscosity in this work is

in reference to the shear viscosity, as defined by Equation [I.11],

n= ; (1.11)

in which 7 is the shear viscosity of the material in Pas, 7 is the shear stress in

Pa, and % the corresponding shear rate in s~!.

1.5.2. Rheometer types

Over the course of this history of rheology, a range of different types of rheometers have
been utilised. In general, each type of rheometer allows the investigation into specific
properties of a given material type. Some of the different types of rheometers available are

discussed here:
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e Viscosimeter

Viscosimeters are a simple type of rheometer that allow the viscosity of liquid
materials to be measured. There are two methods of function that a viscosimeter
can have, the first involves a stationary liquid having a moving object pass through
it, and the second has a moving liquid pass through a stationary object. As
viscosimeters do not allow a varied flow rate, the data obtained from these is
somewhat limited, with viscosity of the material being the primary measurement

[104].

e Capillary viscosimeter

The capillary viscosimeter investigates the flow of a liquid or soft-solid material
through a pipe or capillary [105]. This viscosimeter functions by pushing the ma-
terial through a capillary with known dimensions at a varied pressure in order
to determine the flow profile of the material. Due to the simple design require-
ments of these tools, microfluidic variants have been developed, allowing the use

of small volumes of liquid [L06, 107].

e Rotational

Rotational rheometers are perhaps the most versatile type of rheometer available,
with applications ranging from solid materials all the way through to low viscosity
liquids. Rotational rheometers were first commercially available in the 1950s,
and have become routinely used since then. These rotational rheometers have
the ability to not only evaluate the viscosity response of materials, but also the
viscoelastic properties, allowing insight into the network structures present [103].
There are two control methods with rotational rheometers, controlled strain rate,
and controlled shear stress. Each of these will be briefly discussed below.
Rotational rheometers are the most commonly used rheology tools today, and

is the tool that is used throughout the work presented here.

e Controlled shear stress

Controlled shear stress rheometers apply a specific torque to the rheometer head,
while the displacement or strain is measured. As torque is applied to the rheome-
ter head, the measured material will apply a counter torque, reducing the resultant
deflection that is measured by the rheometer. This resistant torque is corrected

for by the instrument, allowing highly sensitive torque measurements.



1.5. A brief history of rheology
e Controlled shear rate

Controlled shear rate rheometers work through the application of a set shear rate,
with the motor of the rheometer applying a given torque to reach this shear rate.
As this shear rate is applied, the instrument measures the resultant position of
the rheometer head, with a feedback loop adjusting the applied shear rate to
compensate for the resistance of the material. This results in a “start-up” time,

where the initial shear rate at the rheometer head may not be the desired value.

While both controlled shear stress and controlled shear rate rheometers are separate
instruments that can target specific properties, modern electronic feedback devices have
allowed the development of hybrid rheometers that are able to offer both stress and shear
rate control with relative accuracy [108]. The rheometer used for the measurements carried

out the work presented here is a hybrid design tool.

1.5.3. Geometry types

Modern rheometers allow the geometry that is in contact with the sample to be altered,
allowing measurement of the properties of a range of materials. Some of the more com-
mon geometry types are briefly discussed below, with specific indications of the types of

materials that are best measured by each.
e Parallel plates

Of the geometries discussed here, the parallel plate geometry is the most simple.
Consisting of two round parallel plates, this geometry is operated by rotating
the top plate while the bottom plate is stationary (Fig. [1.11a). The gap height
between the two plates can theoretically be set to any value, however it is rec-
ommended that the gap be set to about 10 times the diameter of the primary
particles in the measured sample. The use of excessively large gap heights can
lead to issues with inhomogeneous flow in certain situations [103].

As the gap height is constant across the parallel plate geometry radius (R)
while the circumferential velocity increases with the radius, the shear stress and
shear rate experienced across the geometry are not constant [103]. This is a
considerable disadvantage of parallel plate geometries, and must be accounted for
by the instrument for appropriate measurements to take place. The shear stress

(7’(7,)) for a parallel plate geometry at a distance from the radial center, r, is given

by Equation [I.12]
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= CysM (1.12)

where M is the torque applied by the rheometer, and Cs; is the conversion factor
that is determined by the distance from the radial center of the geometry. As
mentioned previously, with a parallel plate geometry the shear rate experiences
across the radius of the geometry is not uniform. This is due to the increase in
circumferential velocity as distance from the radial center increases. The shear

rate (q'/(,n)) at a distance from the radial center, r, can be found via Equationm,

= —Cyn (1.13)

with n as the rotational speed, h as the gap height, and (s as a conversion
factor dependent on both the gap height and distance from the radial center of
the geometry.

There are two different methods for reporting the shear rate and shear stress;
the maximum shear stress (7(r)) and shear rate () experienced (i.e. the outer
edge of the geometry, or the geometry radius R), or the mean shear stress and
shear rate. The mean shear stress 7, and shear rate *,, is shown by Equations

and [[15]

Tm = %T(R) (1.14)
. 2,
Im = 3HR) (1.15)

The values reported by the rheometer are single values for both the shear stress
and shear rate. The rheometer that is used throughout the work presented here
reports the maximum values for both shear stress (7(g)) and shear rate (y(g)) as
the measured or applied shear stress and shear rate values.

Despite these drawbacks the ease of use, and customisable gap height make
parallel plate geometries a useful tool. Parallel plate geometries are employable
for measurement of materials ranging from medium viscosity liquids to soft-solids
such as gels. With low viscosity materials, the sample may flow out of the geom-

etry, leading to gross errors in the measurements.

e Cone and plate
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Fig. 1.11 2-D diagramn demonstrating the general structure of a range of rheometer ge-
ometries. (a) Parallel plate. (b) Cone and plate. (¢) Double-gap concentric
cylinder. (d) Interfacial rheology setup.
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A cone and plate geometry consists of a flat bottom plate with a low angle cone
(or truncated cone) as the top plate (Fig. [[.11b). This results in the gap height
increasing further from the centre of the geometry. This change removes the
disadvantage of the parallel plate geometry, as the shear stress and rate across
the geometry is constant [I03]. The specific angle of the cone is related to the
radius in order to correct for the inhomogeneous shear rate, and is commonly
between 0.5° to 4° for 8mm to 60 mm diameter cones. Cone and plate geometries
can be used to measure similar materials to that of parallel plates, and suffer from

the same potential issues related to sample run off with low viscosity materials.
e Concentric cylinders

Concentric cylinder, or double-gap geometries differ greatly from the parallel plate
and cone and plate geometries in their structure, with a large stationary cup
into which the upper rotor is lowered. In the case of a double-gap geometry,
the upper rotor is an inverted cup, while the lower stationary cup has a filled
cylinder located in the middle with the sample in a small gap surrounding this
(Fig. . The double-gap measuring system results in a large contact surface
between the rotor and the sample, leading to a much larger torque being required
to drive the system [103]. This large surface area results in accurate measurements
being possible on low-viscosity liquids that otherwise may not be possible, even
on modern rheometers [I09]. In order to compensate for the non-uniform shear
across the sample, the gap between the two cylinders is kept as small as possible,

resulting in a near-uniform shear field.
e Interfacial rheology

The previous geometries discussed allow the bulk rheological properties of ma-
terials to be characterised. Interfacial rheology instead is concerned with the
rheological properties of the interfaces between gas and liquid, or two liquids
[110, 111]. To achieve this, an interfacial rheology setup is required, which uses a
tool positioned carefully at the interface of the two materials (Fig. [L.11d). The
measurements obtained from these interfacial measurements are not immediately
comparable to the bulk rheological properties of a material, and must be treated

as a separate property.

In the work reported in this thesis, the primary geometry used was a parallel plate. This

was due to the ease of use, and controllable gap height. A double walled concentric cylinder
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set-up was used to verify some low viscosity materials. However, the data for these are not

presented.

1.5.4. Experiment types
1.5.4.1. Rotational rheology measurements

Rotational rheology measurements allow insight into the flow behaviours of a material
across a range of shear rates. A rotational measurement involves the application of shear to
a material while the resultant shear stress is measured. This is carried out by sequentially
stepping through a range of shear rates and measuring the resultant stress at each. The
flow behaviour of material provides insights into the structures present in the measured
system.

Depending on the structure present in the measured system, there is a range of typical
behaviours that the stress response can be demonstrated. The most simplistic behaviour
is that demonstrated by a Newtonian fluid. A Newtonian fluid will display a linear stress
response to an increase in the applied shear rate, demonstrating that there is no change
in the microscopic structure of the fluid. Common examples of Newtonian fluids include
molecular liquids and gases. As the stress response of Newtonian fluids does not change
with variations in the shear rate, the viscosity of these fluids is also constant.

Non-Newtonian fluids do not display this linear response, instead the shear stress varies
in a non-linear manner. There are two Non-Newtonian fluids that will be discussed in the
work presented here, shear-thinning, and shear-thickening. As the name suggests, shear-
thickening fluids increase in viscosity as a shear is applied. Shear-thickening fluids result
from a “locking together” of the structural components of the material, resulting in an
typical increase in the measured shear stress. Shear-thickening is likely to be apparent in
colloidal systems with high particle concentrations or at high shear rates [112].

The viscosity of shear-thinning materials decreases as the applied shear rate is increased.
This decrease is due to the disruption of structure, leading to a lowered measured viscosity
[113, 114]. This behaviour is demonstrated as a flattening of the shear stress response
while the shear rate is increased. Many soft-materials and fluids display shear-thinning

behaviour, including most emulsions.
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From the rotational rheology data there are a number of key parameters that can be

used to characterise the material. These include the low shear (ideally zero shear) viscosity,

and the yield stress:

30

o Low shear viscosity

A number of models have been proposed to predict the low shear (zero shear)
viscosity of colloidal suspensions [II5HI2I]. The first of this selection of models
proposed was the Einstein model. Initially published in 1906, this model gives a
prediction of the viscosity (7,) of a low volume fraction (<2vol. %) dispersion of

non-interacting hard spheres. The Einstein model is detailed in Equation [I.16]

Ny = ne(1+ 2.5¢9) (1.16)

In which 7. is the viscosity of the continuous phase, and ¢ is the volume fraction
of the dispersed phase.

Since the proposal of the Einstein model, several groups of workers have made
improvements. One such example of this is the Batchelor model [II7HIT9|. Batch-
elor noted that while the Einstein model was sufficient with exceptionally low
volume fraction dispersions, as the volume fraction was increased the model pro-
gressively could not account for observed behaviours. Outside of very dilute cases,
the effect of Brownian motion (the effect where small particles are observed to
migrate at random throughout a liquid due to energetic collisions with molecules
in the system) [122] and hydrodynamic interactions become significant, and as

such must be accounted for. This model is described by Equation [I.17]

Ny = ne(1 4 2.5¢ + 6.2¢%) (1.17)

The Krieger-Dougherty model is a more complex model used for prediction of
viscosity. This is a semi-empirical improvement on the Einstein model, which fits
a curve asymptotically between both the intrinsic viscosity of the materials, and
the maximum packing volume of random spheres (¢, = 0.64 [123]). This model

is described by Equation [1.18]

e = Ne <1 — qi) —25p (1.18)
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o Yield stress

The yield stress of a material is an often-debated concept, and many researchers
have debated the value of each method for measuring the value (and indeed if
the value exists at all) [I24HI31]. The static yield stress is the stress required to
initiate flow of a material. This is a result of the internal forces of the material
leading to structure, that must be disrupted before the material can flow. The
dynamic yield stress can also be measured by decreasing the applied stress from
a state in which the material is flowing, into an elastic solid-like state. There
are often differences between the static and dynamic yield stresses measured for
the system, a result of the structural changes that occur within the materials
[132, [133]. Discussions of the yield stress throughout this work will be in reference
to the static yield stress unless otherwise noted. The concept of the yield stress
as it applies to Pickering emulsions will be discussed in more detail in Chapter [3]

Throughout this work there are two relationships used to calculate a yield stress
from the flow curves; the Bingham, and the Herschel-Bulkley equations. In the
early 1900s, Bingham named concentrated materials that show rigidity at rest as
“plastic materials” [102]. They noted that these plastic materials demonstrate a
“yield value”, which could be quantified from a flow curve through the fitting of a

linear model, now known as the Bingham Model as described by Equation [I.19]

T =10+ k7Y (1.19)

Where 7 is the measured shear stress, ¥ is the applied shear rate, k is the Bing-
ham flow coefficient, and 7p is the yield stress. As this is a linear model, it is
straightforward to fit to sections of a flow curve.

Herschel and Bulkley made an improvement on the linear Bingham model,
with the addition of an exponential factor known as the Herschel-Bulkley index

(n) [101]. The Herschel-Bulkley model is described by Equation [1.20]

=10+ ki" (1.20)

1.5.4.2. Oscillatory rheology experiments

The viscoelastic properties of a material can be probed through the application of an
oscillatory strain, while the resulting stress is measured [I03]. When the strain is applied

in a sinusoidal manner, it is expected that the measured stress will be sinusoidal, but phase
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Fig. 1.12 Plot demonstrating the application of a sinusoidal strain and the resulting stress
response of a viscoelastic material.

shifted to some degree. An example of this is demonstrated in Fig. [[.12], where the applied
strain is shown to be phase shifted by 6.

When an oscillatory strain is applied to an ideal elastic material Hooke’s law will apply,

as give by Equation [[.21]

With 7 being the time dependent stress, () the time dependent strain, and G* the
complex shear modulus. This demonstrates that with an ideal elastic material the applied
strain is directly proportional to the measured stress, and that the phase shift between
these two will therefore be 0 [I03].

The other extreme case of material properties is a perfectly viscous fluid. When an
oscillating strain is applied to an ideal viscous fluid the measured stress response will be
perfectly out of phase (6 = 5) [134].

The emulsion materials investigated in this work are neither ideal elastic nor ideal viscous
materials, and instead exhibit viscoelastic behaviour. Viscoelastic materials demonstrate
both viscous and elastic properties simultaneously, leading to a stress response to an oscil-

lating strain that has a phase shift between § = 0 and § = 7. The complex shear modulus,
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G*, describes the stress to strain ratio in these viscoelastic cases, following Equation [1.22]

o

= 1.22
- (1.22)

With viscoelastic materials it is useful to separate the elastic and viscous components
of G* in order to gain more information about the material. The elastic component of G*
is the elastic storage modulus, G’, and is a measure of the elastic energy stored by the
material under load [103], 134]. This energy is returnable after the loading is removed, as
it does not directly result in the breaking of any elastic structure present in a viscoelastic

system. This elastic storage modulus is defined in Equation [1.23]

G' = G*cosé (1.23)

Which when combined with Equation yields Equation [I.24]

¢ = WBeoss (1.24)

()
The viscous component of G* is the viscous loss modulus, G”, which demonstrates the

energy lost to viscous deformation of the material [103] 134]. The viscous loss modulus is

defined in Equations and [1.26]

G" =G*siné (1.25)
G = ;:(t)sin 5 (1.26)
(®)

The ratio of G’ and G” define the bulk properties of material. When G’ > G” the
material will predominately display solid-like characteristics, while when G’ < G” the
properties of the material will be liquid-like. The ratio of G’ and G” are often found to
vary with the applied strain and strain rate, with an example demonstrated in Fig.

In addition to demonstrating a standard profile of G’ and G” response, Figure [1.13]
outlines a number of key points in the data. The first of these is the linear viscoelastic
region. This region is an area in which the G’ and G” are relatively unchanging with
an increase in the applied strain, indicating that the material is behaving in an elastic
manner and is storing the energy from the applied oscillations. The magnitude of G’ and
G" throughout this region demonstrate the strength of the material, and can be utilised to

compare materials. The second key point in this curve is the inflection point of G’. This
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Fig. 1.13 Example of the G’ and G” response to an increase in the applied strain for a vis-
coelastic material. Key points include the linear viscoelastic region highlighted
in light grey, the G’ inflection point, and the intersection of G’ and G”.

is the point at which the G’ begins to decrease, indicating that the material is starting to
viscously dissipate the applied energy instead of storing it elastically. This is one of the
measures of the yield stress, and will be discussed in more depth in Chapter 3| The final
key point, the intersection of G’ and G”, is another measure of the yield stress, and is the
point at which the viscous loss modulus becomes the dominate feature of the data. This

again will be discussed in more detail in Chapter [3]

1.5.4.3. Creep and creep recovery rheology experiments

Creep and creep recovery experiments can be an accurate, although time consuming,
method for measuring the yield stress of a viscoelastic material [135]. A creep experiment
involves monitoring the strain of the sample while a given stress is applied for a time
period before releasing the stress for the recovery phase. The resultant strain profile
demonstrates the elastic or viscous nature of the material. The yield stress of a material
can be measured by repeating the creep and creep recovery experiments over a range of
applied stresses. Comparing the strain profiles of each repeated measurement allows the
stress at which the material changes from liquid-like to solid-like behaviour. An example

of the the typical strain response for a solid-like elastic material, and a liquid-like viscous
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Fig. 1.14 Example strain response of a creep and creep recovery rheology experiment at
a stress below (black) and above (red) the yield stress of the material.

material are demonstrated in Fig. [I.14] If the applied stress is below the yield stress of the
material, the measured strain will increase to an equilibrium value (given sufficient time)
during the creep phase. As the applied stress is removed in the creep recovery phase the
measured strain decreases towards an equilibrium value as the elastic solid-like material
recovers back to its original state. When the applied stress is above the yield stress over
the material the measured stress will continue to increase during the creep phase. As the
applied stress is removed in the creep recovery phase, the strain will not return to the
original state due to the energy from the applied stress being viscously dissipated.

In order to measure the yield stress of a material utilising creep and creep recovery
experiments requires the step-wise repetition of the experiment with slight changes to the
applied stress. Stepping through a range of applied stresses allows the point at which the
material transitions from solid-like to liquid-like behaviour to be identified. This is often a
time and sample consuming exercise due to the number of individual experiments required
to be carried out in order to accurately measure a yield stress. Theoretically, it would be
expected that the strain responses would increase with an increase in the applied stress.
Practically this is not always observed to occur, with repeats of an applied stress showing

a difference in the measured strains.
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1.5.5. Emulsion rheology

One of the most interesting qualities that emulsions possess is the difference in flow
and deformation behaviour displayed when compared to that of their constituent materi-
als. Additionally, in use many of the emulsions are exposed to a range of shear regimes
throughout their life cycle, and as such understanding their rheological responses is an im-
portant task for their design and manufacture. A range of the rheological properties that
emulsions can demonstrate have been studied previously, and a number of key features and
concepts have arisen.

A review of the rheology of emulsions in the early 1990s by Barnes [97] recognised
that there were three basic parameters that may be utilised to determine the rheological

response of an emulsion:

1. The composition and viscosity of the continuous phase.
2. The droplet properties including the size, viscosity, concentration, and deformability.

3. Any interactions between the emulsion droplets.

Throughout that review, Barnes outlined how each of these parameters altered the rheology
of the emulsions. Each of these three effects will be utilised in this work to alter the bulk
rheological properties of a range of emulsion materials.

Later in the 1990s a number of other reviews of the rheology of emulsions were pub-
lished, with each highlighting a specific area of research [136-138]. One area that Lequeux
[136] covered was concentrated emulsion systems, where the droplets are compressed into
solid-like materials. That work outlined the existence of droplet networks within an emul-
sion system, with discussions around how these complex systems display yield stress and
non-linear viscoelastic properties. These workers pointed to previous studies that had in-
vestigated the break-down of the complex jammed-droplet networks as flow is induced in a
non-homogeneous manner across the emulsion sample, while also identifying an area that
could be better understood. These break-down processes are a phenomena that is still of
interest today, and is an area that was investigated in this work.

The rheology of emulsions with flocculated droplets was discussed in detail by Dickinson
[137]. A number of different methods that can induce flocculation were covered in this
review, including depletion interactions, electrostatic interactions between protein coated
droplets, and cross-linked or bridged droplets. Dickinson discussed the origins of each of
these flocculation processes, and briefly covered the rheological properties of each process.

It was noted that the rheology of each of these flocculated droplet systems were different,
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with cross-linked droplets displaying gel-like behaviour with their almost “unbreakable”
bonds between the droplets. Depletion interactions were described as reversible weak gels,
that could easily be disrupted by shear or dilution. Protein coated droplets proved to
be one of the more varied emulsion systems, with the rheological strength of the systems
being controllable through additions to the continuous phase of the system. This control
of droplet network and rheological properties is a key target for this thesis, and will be
demonstrated in Chapters [4] and [f

The creation and use of monodisperse emulsions at a range of volume percentages was
covered in depth by Mason [138]. Of relevance to the work presented in this thesis was the
rheology of dilute emulsion systems. It was noted that these dilute emulsion systems with
attractive interactions between the droplets are able to display interesting flow behaviour
despite sparse concentration of droplets in the emulsion systems. In general, the emulsions
presented in this thesis have low droplet concentrations (20 vol. % to 50vol. %), and will
be utilised to understand the attractive networks that can be formed between emulsion
droplets.

More recently Derkach [139] and Pal [140] independently presented reviews covering the
rheology of emulsions ranging from dilute cases, through to highly concentrated systems.
These reviews each covered a wide array of the rheological properties of emulsions. Derkach
presented a wide range of works carried out on concentrated emulsions in which viscoelastic
properties are displayed [I39]. Concentrated emulsions systems are defined as a system
where the droplet volume fraction exceeds that of random close packing for spheres. This
results in systems where the emulsion droplets become deformed and pack together into
a network throughout the material. Due to this close packing, there is significant elastic
potential in the droplet interfaces, which have been shown to display an interesting range
of viscoelastic properties. These viscoelastic properties have been measured through the
use of oscillatory rheology. The use of these techniques allows the disruption of the elastic
network to be understood and quantified. Understanding these disruption effects is an
important characterisation method for emulsion systems, and can allow better control over
these important soft-materials.

One area of particular interest in the review presented by Pal was a summary of the
rheology carried out on the effect of excess additives [140]. This summary discussed the
process that can occur with emulsion additives, such as surfactants, polymers, and colloidal
particles. It was noted that these additives can effect the rheology of the system in two

ways; by altering the rheology of the continuous phase, or by inducing flocculation between
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the oil droplets. The effect of excess colloidal particles were shown to depend on the size
of the colloidal particles added. When the particles were significantly larger than the
emulsion droplets, no flocculation was demonstrated to occur. However, the viscosity
of the continuous phase was altered by this addition. When the added particles were
significantly smaller than the droplets (for example Pickering emulsifiers), the excess of
particles have been shown to develop a network throughout the continuous phase, greatly
altering the rheology of the emulsion. This is of particular interest to the work carried out

in this thesis, and will be expanded upon throughout this work.

1.5.6. Pickering emulsion rheology

As briefly covered in the review presented by Pal [140)], the inclusion of excess Pick-
ering stabilisers can have a significant effect on the rheology of the bulk emulsion. The
buildup of a network of these excess particles is covered in a review of Pickering emul-
sions by Chevalier and Bolzinger [89], in which the formation, stability, and rheology of
the Pickering emulsions are discussed. In this review Chevalier and Bolzinger [89] touch on
the electrostatic interactions between Pickering emulsion droplets, and how the addition
of salt can alter these interactions. It was noted that the addition of electrolytes weakens
the electrostatic repulsion between the silica particles that have commonly been used to
stabilise Pickering emulsions. The weakening of the repulsive interactions leads to the for-
mation of aggregates, and an increase in the viscosity and elastic strength of an emulsion
system. This increase in elasticity results in the transformation of these emulsions from
fluid-like materials, to materials that display solid-like behaviour with a measurable yield
stress. Control of the interactions between the droplets of a Pickering emulsion presents
a unique opportunity to design and create emulsion products with both desired rheolog-
ical, and stability properties, and is an area that was investigated throughout the work

presented in this thesis.

1.5.7. Rheology of emulsions with tuneable interactions

Rheology is a useful tool for understanding the structures that are present within an
emulsion system. This has been demonstrated through the extensive work carried out on
the rheology of emulsion systems [97, [138],[139]. Recently, a number of groups have begun to
investigate emulsions with altered interactions between the droplets [8HI0] 141}, 142]. These
groups have investigated a range of both Pickering and surfactant stabilised emulsions at

high volume percentages where the interactions between the emulsion droplets were altered
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from attractive to repulsive.

Becu et al. [141] investigated the rheology and ultrasonic velocimetry of a range of
sodium dodecyl sulphate (SDS) stabilised high volume percent emulsions. The interactions
between the emulsions were altered through altering the concentration of SDS micelles in
the continuous phase, altering the depletion forces between the emulsion droplets. Increas-
ing the concentration of SDS increases the depletion forces, and yields a net attractive
force between the oil droplets. Becu et al. investigated the rheology of each of these emul-
sions and increased strength of the attractive emulsion. This was shown by the increase in
the measured yield stress of the attractive emulsion system. Interestingly, the attractive
emulsion demonstrated inhomogeneous flow, possibly indicating a non-standard yielding
behaviour. While this behaviour does demonstrate novel yielding behaviour, these systems
are high volume percentage, with close packing between the emulsion droplets, leading to
an increase in the interactions between the emulsion droplets.

Datta et al. [142] investigated two different high volume percentage emulsion systems
(SDS stabilised and nonionic polymer stabilised) with attractive and repulsive interactions
between the oil droplets in each emulsion system. With each of these emulsion systems,
the bulk oscillatory rheology was investigated and differences resulting from the changes in
inter-droplet interactions were shown. The differences between the attractive and repulsive
emulsions were best demonstrated by the G’ and G” response to alterations in the applied
strain. At high volume percentages (above random close packing), the repulsive emulsions
demonstrate a single peak in the variation of G” with ~. This is attributed to a single-
step yielding event due to the disruption of the droplet cages surrounding each droplet.
When the volume percentage of these repulsive emulsions decreases below the random close
packing percentage, the distinctive yielding event is not seen, showing the lack of cohesive
network between the repulsive emulsion droplets. Comparing these repulsive emulsions
with the attractive systems presented by Datta et al., some clear differences are found.
Below the random close packing percentage, the attractive emulsions system show single
broad yielding events, indicating a network formed between the emulsion droplets at low
strain percentages. Above the random close packing percentage, the attractive emulsion
systems demonstrated two distinct yield events. These two yielding events were described
as being due to two different processes, a network break-up (similar to that in the lower
volume percentage attractive emulsions), and a droplet cage breaking event. This work
demonstrates that multiple yield events can occur in emulsion systems.

In addition to these two surfactant stabilised emulsion systems, recent work with Pick-
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ering emulsion systems has investigated the alterations of inter-particle interactions. A
study by Katepalli et al. [§] has investigated both spherical and fumed silica nanoparticle
coated emulsion droplets at 50 vol. %, with the interactions between the Pickering emul-
sions droplets being altered through the addition of NaCl to the silica dispersion prior to
emulsion formation. The average drop sizes of the attractive emulsions stabilised by fumed
silica was 22 + 16 pm while the average drop size of the repulsive emulsion was 27 + 18 pm.
Katepalli’s work primarily utilised oscillatory rheology to make comparisons between their
attractive and repulsive emulsion systems. The G’ and G” response to alterations in the
applied strain of the attractive and repulsive fumed silica emulsion systems were demon-
strated to be markedly different, with the repulsive fumed silica emulsion demonstrating
a linear viscoelastic region which was roughly one order of magnitude lower than that of
the attractive system. In addition to the difference in magnitude, the yielding profile of
each system was demonstrated to be distinct. The attractive fumed silica emulsion system
demonstrated a single very broad yielding event, suggesting there were multiple yielding
processes occurring at very similar strain percentages. It is proposed here that the multi-
ple processes are likely to be similar to those seen in the results presented by Datta et al.
[142], where there is a network breaking, followed by separate droplet cage-breaking events.
The response of G’ and G” to a varied strain for the repulsive fumed silica emulsion system
investigated by Katepalli appears to decrease with two distinct inflection points, similar to
the results seen by Datta et. al. albeit in a much less distinct manner. This result with the
repulsive emulsion system indicates that a residual network structure between the fumed
silica coated droplets remains, despite the low salt concentration.

Each of these studies by the previous workers has demonstrated how rheology can be used
to understand the structure present in emulsion systems. The distinct events that appear
in the rheological data have been attributed to significant structural changes that occur
when the interactions between the emulsion droplets are altered. The work presented in this
thesis aims to add to our understanding of the influence of inter-particle interactions on the
rheology of Pickering emulsions and, in particular, their yielding behaviour. Lower volume
percentage emulsions were studied to investigate the interactions between the flocculated
drop microstructures and the gel networks that can be formed by particles. Two types
of particle stabilisers were studies, a fumed silica which forms networks in the continuous

phase, and a titania which does not.
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1.6. Research questions

Given the background information presented in this chapter, there were three main

research areas which would be investigated throughout the work in this thesis.

1. How does the yielding behaviour of Pickering emulsions vary with measurement tech-
nique? Are any differences between measurement techniques maintained across a
wide range of oil volume percentage? Is there a “best” technique to measure the yield

stress in Pickering emulsions?

2. Are the rheological properties in low volume percentage silica-stabilised Pickering
emulsions controllable by altering the Debye length through screening of the surface

charge of the silica nanoparticles?

3. Are any changes in the rheological properties exclusive to Pickering emulsions which
have oil droplets that interact with networks formed by excess stabiliser? Or can these
properties be observed in Pickering emulsions with oil droplets which do not interact
with an excess particle network? Can interactions between the droplets of such an

emulsion be controlled through alterations to the surface charge of nanoparticles?

1.7. Scope of thesis

The previous studies summarised in this chapter have outlined the range of properties
that Pickering emulsions have, as well as some of the techniques that can be used to prepare
and study them. It was noted in Section that it is possible to tune the interactions
between emulsions with both surfactant, and Pickering stabilisers, changing the bulk prop-
erties of these systems. The work presented in this thesis sets out the development of sets
of stable oil-in-water Pickering emulsions which, with alterations to the aqueous phase,
demonstrate a range of bulk physical properties. These physical properties were charac-
terised using rheological and microscopic techniques, which allows the droplet and particle

network structures present in these emulsions to be understood.

1.8. Thesis layout

This work is presented in six chapters which cover:

e This chapter (Chapter [1)) identifies the aims for this work and outlines the literature

surrounding Pickering emulsions and the use of rheology to study such systems, while
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also defining the scope of this thesis.

Chapter [2] outlines the experimental techniques undertaken throughout this work

including the standard experimental parameters for the techniques used.

Chapter [3|addresses the first research question. It compares the interpretation of the
results from different methods of measuring the yield stress silica particle-stabilised

emulsions.

Chapter [ further explores the multiple yielding phenomena seen in certain situations
of Chapter [3| This was carried out by systematically varying the amount of salt in
the aqueous phase, screening the interactions (reducing the Debye length) between

a set of silica nanoparticle stabilised Pickering emulsions.

Chapter 5| reports the results from the first study of the role of interparticle inter-
actions on the rheology of titania-stabilised emulsions. The titania particles were
ellipsoidal in shape and did not appear to form a network of interlocked particles in
the continuous phase. The interactions between the titania particles were manipu-
lated through changes to the pH of the aqueous phase, resulting in changes in the

surface charging behaviour of the particles.

Chapter [6] summarises the key results and conclusions presented throughout this
work, as well as making some comparisons between the results found across each
previous chapter, before finally outlining some areas in which this research could be

continued into the future.



2 Experimental Methods

2.1. Preparation of materials

The oils used in the preparation of each emulsion in this work were isopropyl myristate
(>99 %, Sigma Aldrich, St. Louis, USA.) and dodecane (>99 %, Sigma Aldrich, St.
Louis, Missouri, USA.). They were both passed through neutral alumina columns (neutral
activated aluminium oxide, Sigma Aldrich, St. Louis, Missouri, USA.) to remove polar
impurities [40]. The oils used in this thesis are presumed to be inert, uncharged, and
indifferent to the aqueous phases used.

The aqueous phase used in each emulsion was prepared from Milli-Q water (Barnstead™
Nanopure™, Thermo Fisher Scientific, Waltham, Massachusetts, USA), the ionic strength
or pH which was altered with either NaCl (AR grade, Fisher Scientific, Hampton, USA), or
NaCl and NaOH (AR grade, Fisher Scientific, Hampton, New Hampshire, USA) depending
on the experiment being carried out. NaCl and NaOH were prepared as stock solutions,
and then diluted at the point of preparation for each emulsion. NaCl was assumed to be
an inert and indifferent electrolyte.

The emulsions reported for Chapters [3| and [4] were prepared using silica nanoparticles
as the stabiliser. The silica used in these chapters was a synthetic hydrophilic amorphous
fumed silica, (HDK® N20) with a primary particle size of 5nm to 50nm, and aggregate
sizes of 100 nm to 500 nm (Wacker Chemie AG, Munich, Germany). In Chapter [3] the silica
was used directly as received. For Chapter [4] the silica was heated in an oven (T ~150°C)
for at least overnight. In Chapter [5|the stabiliser employed was a synthetic titanium dioxide
nanoparticle with a coating of aluminium oxide and simethicone (2.5 wt. %) (Eusolex® T-
2000, Merck, Kenilworth, New Jersey, USA.). The titania nanoparticles were ellipsoidal
with a primary particle size of 20nm x 100nm. This titania was deployed by preparing
a stock dispersion (1wt. %) in a NaCl solution (1074 mol L™1), which was then diluted to
the final concentrations at the point of emulsion preparation. The titania nanoparticles

were imaged using both transmission electron microscopy (TEM), and scanning electron
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microscopy (SEM). These methods were both carried out by drying small droplets of
suspensions of the nanoparticles onto the appropriate stubs before imaging. TEM and SEM
imaging was carried out at the Manawatu Microscopy Imaging Centre by Niki Minards
using a FEI Tecnai G2 Biotwin Transmission Electron Microscope (TEM), and FEI Quanta
200 Environmental Scanning Electron Microscope (SEM).

Two fluorescent dyes were used for confocal microscopy. Nile Red (Sigma Aldrich, St.
Louis, Missouri, USA.) was used as an oleophilic dye in the oil phase of the emulsions, while
Nile Blue (Sigma Aldrich, St. Louis, Missouri, USA.) was used as a charged hydrophilic dye
to stain the stabilisers used in each emulsion. The dyes were deployed from pre-prepared

stock solutions (dye in the appropriate oil, or aqueous mixtures ~9 x 104 M).

2.2. Measurement of zeta potential

The zeta potential is the electric potential of a nanoparticle at the slip plane, and can
be used to measure and predict the interactions between colloidal particles. In this work,
the nanoparticles that were used to stabilise the emulsions were fumed silica (Chapters
and [d) and titania (Chapter [f]). Each of these nanoparticulate materials have interactions
with neighbouring nanoparticles, which can be modified through changes to the aqueous
continuous phase that the particles are dispersed in. In order to relate the changes in the
interactions to changes in the aqueous phase, such as ionic concentration or pH, the zeta
potential of these materials was quantified. The zeta potential is not a directly measurable
property of a colloidal material. Instead, the electrophoretic mobility (Ug) of the colloidal

particles are measured, which is the converted to the zeta potential (¢) through the Henry

equation (Equation [143]),

U, = 266 ka) 2.1)

31
where € is the dielectric constant, n is the zero-shear viscosity of the continuous phase,
f(ka) is the Henry function which is comprised of k, the Debye length, a, the particle
radius, and is shown in Equation [143],

f(ka) =1+ i(/m)2 — 3(/fa)3 - %(/@@)4

16 18
X [112(1 ~ ka) — (1 - 112(m)2> e“aEl(m)} (2.2)
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with Fj(ka) as the exponential integral of order one.

The electrophoretic mobility of the colloid is measured through the application of a
oscillating electric field, with the corresponding velocity of the colloidal particles measured
by laser Doppler velocimetry (LDV) [144].

Zeta potential measurements carried out in this work using a Malvern Zetasizer Nano
7590 instrument (Malvern Instruments Ltd., Malvern, Worcestershire, UK). This instru-
ment employs a combination of LDV and phase angle analysis light scattering (M3-PALS)
techniques to give the surface charge of colloidal particles. Zeta potential measurements
carried out in this work were always performed on nanoparticle dispersions alone rather
than in the final emulsion mixtures. The measurements were made using approximately
1 mL of dispersion which was injected into a folded capillary cell (DTS1070, Malvern Instru-
ments Ltd., Malvern, Worcestershire, UK.) equipped with a gold-plated beryllium /copper
electrode. Any residual air bubbles were removed before the measurements. Measurements
were carried out at 25 °C with at least three results measured per single loaded sample, each
comprised of up to 100 measurements. This measurement was repeated multiple times for
each dispersion, and the results of these are presented as a mean and standard deviation

as described in each chapter.

2.3. Preparation of emulsions

Emulsions prepared for this work were prepared in the order described in each chapter,
but in general, involved the addition of the stabiliser to a 50 mL centrifuge vial before
the aqueous and oil phases were added. Once the appropriate volumes of materials were
added, the sample was homogenised with either a Miccra D-9 high-speed homogeniser
(Chapter {4) (Miccra GmbH, Heitersheim, Germany), or a Fisher Scientific PowerGen 125
high-speed homogeniser (Chapters [3| and (Fisher Scientific International, Hampton,
USA.) for two minutes. The Miccra D-9 high-speed homogeniser rotor was operated at
39000 min~!, while the Fisher Scientific PowerGen 125 high-speed homogeniser rotor was
set at 30 000 min~!. During the homogenisation of the samples, the homogeniser head was
moved within the 50 mL centrifuge tube to incorporate all of the material present in the
mixture. This method was used to prepare all stock emulsions. This method was assumed
to result in the nanoparticles being located in the aqueous continuous phase and at the
interface between the oil and aqueous phases, but not in the oil phase.

Once the stock emulsions were prepared, the samples were then diluted to their final

oil volume percentage with the appropriate stock aqueous solutions to afford the final
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compositions. In Chapters [3| and [4] the aqueous solutions used were prepared for a range
of NaCl concentrations, while the dilutions carried out for Chapter [5| comprised of NaCl

and the appropriate amount of NaOH to give the final sample with appropriate pH.

2.4. Light microscopy of emulsions

All light microscopy images presented in this work were captured on a Zeiss Axiophot
Microscope (Carl Zeiss AG, Oberkochen, Germany) using a range of objectives to demon-
strate different structural features present in the emulsions. Samples were diluted to be-
tween ~1.25vol. % and =2.5vol. % before being placed on a welled microscope plate and

covered with a cover slip.

2.5. Confocal microscopy of emulsions

Confocal microscopy is an important microscopy technique, which allows the capture of
images which exclude light from other focal planes, leading to an image with much greater
resolution and clarity than what can be obtained with wide-field microscopy techniques
[145]. Confocal microscopy utilises two pinhole apertures located at the light source and
the detector. This approach eliminates out of focus light from reaching the detector.
This allows much greater image clarity, primarily in the plane perpendicular to the light
direction, with a trade-off of image intensity.

All confocal microscopy images presented in this work were captured on a Leica SP5
DM6000B Scanning Confocal Microscope with a 63x oil immersion objective (f /1.4 aper-
ture HCX PL APO lambda blue) and a 3x digital zoom (images captured as 1024 x 1024
pixel images). This required the use of fluorescent dyes, which allows the visualisation of
the oil and aqueous phase separately. The dyes that were used in this work were Nile Red
for the staining of the oil phase, and Nile Blue for the staining of the charged particles in
the aqueous phase. A 514nm laser excites the Nile Red dye, while the emission was cap-
tured between 450nm to 587nm. As the chemical environment of the aqueous phase of
each type of emulsion will be different, the excitation and emission of the Nile Blue dyes
will differ between emulsions. The particular excitation and emission wavelengths for the
Nile Blue dye is detailed in each chapter. The excitation and emission profiles for both

Nile Red and Nile Blue have both been previously reported by others [146, 147].
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2.6. Cryo-SEM of emulsions

Scanning electron microscopy (SEM) is a microscopy technique that utilises a focused
electron beam, which is scanned across the surface of a material. This beam of electrons
will interact with the surface of the material, and produces a signal that can be measured
to yield information about the material, producing an image [148].

Due to the need to impinge a beam of electrons at the surface to produce an image,
the capture of standard SEM images requires a high vacuum, so that gaseous atoms are
eliminated from the beam path of the electrons. This high vacuum environment makes the
measurement of aqueous emulsions an impossible task with standard SEM, as the emulsion
sample will boil at low pressures.

In order to image materials with high water content, such as an emulsion, other SEM
techniques have been developed. One such technique is freeze-fracture cryo-SEM (cryo-
SEM). As the name suggests, cryo-SEM involves the cryogenic freezing of a high water
content sample in a nitrogen slurry (7" = —210°C to —196 °C), which is then mounted in
the cryo-SEM chamber where the sample is mechanically fractured, exposing the internal
structure of the material. The fractured faces of the material can then be imaged, with
the low temperature maintained by a cold stage [149] [150)].

The use of cryo-SEM with Pickering emulsion samples allows the structure of the oil
droplet network to be visualised along with, providing the size is suitable, the Pickering
stabiliser surrounding each oil droplet [I51]. This used a Philips XL30 Field Emission
Scanning Electron Microscope fitted with a Gatan Alto cryo-trans system at the University
of Auckland. A few drops of the emulsion were frozen in nitrogen slush. The frozen
emulsion was fractured under ultra-high vacuum and then etched at ~ — 95°C for 60s.
The fractured surface was coated in platinum (10mA, 105s, 1 mbar argon) before being
transferred to the cold stage (= — 170°C) of the SEM. Cryo-SEM was utilised to identify

the distribution of titania throughout the sample.

2.7. Size analysis of emulsions

As was mentioned in Section the method of emulsion preparation can have an
effect on the size distribution of the emulsion droplets. The method used to prepare the
emulsions used throughout this work was a rotor-stator homogeniser, which routinely yields
emulsion droplets larger than 1 pm [31]. The size distribution of the emulsion droplets will

also change the bulk properties of the material, and as such measuring and controlling these
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is an important undertaking before the bulk properties of the emulsion are evaluated.

Multiple methods can be used to measure the size of colloidal particles either as individ-
ual particles or as a population. In this work, the size measurements of emulsion samples
were carried out using laser diffraction (LD). LD involves a laser being passed through the
colloid sample, which results in the light from the laser being scattered at specific angles
[152] 153]. The angle of scattering is inversely proportional to the particle size, resulting
in small angle scattering for large particle sizes, and wide angle scattering for smaller par-
ticles. The data can then be interpreted using standard models, which will result in an
inferred distribution of sizes for the emulsion.

The measurements of emulsion droplet size for this work were carried out using a Malvern
Mastersizer 3000 (Malvern Instruments Ltd., Malvern, Worcestershire, UK.). This was
performed using the Hydro SM attachment, which allows for samples of the emulsion
material to be passed through an optical window continuously, allowing for averaging of
a significant sample volume during any measurements. The sample is driven through the
instrument by an impeller, the speed of which was set to 1200 min~!, which was found
to be sufficient to push the emulsion through the optical window while not breaking the
emulsion. Each measurement involves both a red (632.8 nm He-Ne Laser) and blue light
(470 nm LED) measurement, affording size analysis coverage over a wide range (~0.01 pm
to 3500 pm), with the red laser providing coverage for larger particle sizes, while the blue
light covers smaller sizes.

The process of measuring the size distribution of each emulsion sample follows the stan-
dard recommended processes involved filling the instrument with Milli-QQ water before
aligning the instrument through the automated alignment process. Following the align-
ment, a background measurement was run with both the red and blue lights of the instru-
ment. The red light measurement is run with a 20s background measurement, while the
blue light measurement is carried out with a 10s background measurement. This is car-
ried out to account for any scattering that occurs due to contamination of the instrument
or Milli-Q water. As the emulsion droplets are expected to primarily be measured by the
red laser, the red light background is measured for a longer time period.

The sample was then loaded to an obscuration percentage between 10 % and 15 %, and
the size analysis was carried out. The red laser measurement uses a 25s sample measure-
ment time, while the blue light measurement is carried out with a 5s sample measurement
time. These measurements were carried out with four repeats, with a 2s delay between

each repeat. The data was captured on an array of detectors, and the measured light in-
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tensity pattern was used to calculate the size distribution based on calculated patterns
giving intensities at each angle using Mie theory [153].

There are a range of size distribution values reported throughout this work including:

e D[4,3] — A volume weighted mean particle size as shown in Equation where D; is

the diameter of the ith particle.
>i(Di)!
D[4,3| = &=-"—% (2.3)
2i(Di)?
e D,(10) — The 10th volume percentile particle diameter.
e D, (50) — The 50th volume percentile particle diameter.
e D, (90) — The 90th volume percentile particle diameter.

e Uniformity — A measure of the absolute deviation from the median value.

e Span — The width of the size distribution of particle diameters, as described by
Equation

Dv (90) B Dv(lo)
Dy (50)

Span = (2.4)

After each measurement the sample was ejected, and the instrument was washed with
Milli-Q water, and if necessary isopropyl alcohol. Results are presented with a mean and

standard deviation of a number of measurements as described in each chapter.

2.8. Rheology

The rheological techniques that were employed in this work were selected to provide
information on the viscoelastic properties of the materials. All rheological measurements
presented in this work were carried out on a TA Instruments Discovery Hybrid Rheometer
(DHR-2) together with a range of accessories (Discovery HR-2, TA Instruments, New
Castle, Delaware, USA.). The geometries that were used are described below, along with

an outline of the situations in which they were applied.

2.8.1. Geometries employed

The DHR-2 functions through a selectable top geometry that both drives the geometry,
and measures the resultant torques and displacement. The choice of stationary bottom
geometry allows for temperature and environmental control, optical or high pressure setups.

In this work (with the exception of the Couette geometry), the base stage used was a
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hardened surface Peltier plate with a reported temperature control range from —40°C to
200°C. This Peltier plate was topped with either a flat 316 stainless steel parallel plate, or
a 308 stainless steel plate with a 65 mm diameter crosshatched section (TA Instruments,

Delaware, USA.).

2.8.1.1. 40 mm parallel plate

A simple geometry that can be used on a rotational rheometer is a parallel plate. As
suggested by the name, the geometry is comprised of two parallel stainless steel plates.
The parallel plate geometry is a simple, fast-to-use geometry. However, due to the parallel
nature of this geometry, the strain across the diameter is non-uniform. This is described
by Equation in which 4, is the shear rate at radius r, 6, is the rotational velocity at

radius 7, and h is the gap height.

Vr = ﬁ (2'5)

>

Equation accounts for the strain dependence on the rotational velocity, which will
change with the radius, increasing as the radius is increased. The differential strain field
that is experienced by the sample can lead to differences in the resultant data that is
measured [154].

The bottom plate was in most cases a 316 stainless steel plate mounted directly on to the
Peltier plate. The top half of the geometry was a 40 mm diameter 316 stainless steel Smart-
Swap™™ geometry. Due to this geometry being a parallel plate it can be used at almost
any gap height, making it a very useful tool. The choice of gap height is often determined
by the size of the colloidal particles that are being measured. It is often recommended to
set the gap height at least 10 x the diameter of the colloid being measured [103]. Given
the average sizes of the emulsion droplets prepared in this work were =20 pm to /40 pm,

the experiments described in this work used a gap height of 400 pm.

2.8.1.2. 40 mm hatched plate

One issue that can affect the results obtained from a smooth parallel plate (or other
smooth geometry such as a cone and plate) is wall slip. This is a phenomenon that
can occur in emulsions and other colloidal dispersion that involves the depletion of the
discontinuous phase close to a solid boundary. This leads to a corresponding local increase
of the continuous phase (in the case of the emulsions discussed in this work, the aqueous

phase) at the boundary, which in turn can reduce the friction between the solid boundary
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and the viscoelastic fluid, since in general the viscosity of the aqueous continuous phase
will be less than that of the bulk emulsion. This lubrication between the sample and the
geometry will lead to erroneous results, where the measured torque may be lower than
expected for the colloid.

In order to lower the effect that wall slip can have on the measurements a roughened
surface geometry may be used. There are different roughened surfaces available, from
sandblasted metal, to crosshatched parallel plates. The roughened geometry used in this
work was a 40mm crosshatched 308 stainless steel Smart-Swap'™ parallel geometry at
a gap height of 400 pm. The cross-hatching provides a surface that is covered with small
square pyramids (1 mmx1mm base, 1 mm height). The top 40 mm hatched plate is used in
conjunction with a hatched base plate sitting atop a Peltier stage. The roughened surface
of these plates works to increase the friction between the sample and the solid surface of

the geometry, allowing more accurate measurements to be made.

2.8.1.3. 40 mm cone and plate

As was mentioned in Section one of the issues that needs to be accounted for
with a parallel plate geometry is the non-uniform strain field caused by the differences in
circumferential velocity that is applied across the radius of the plate. One method that
can be used to alleviate this issue is the use of a cone and plate geometry. A cone and
plate geometry is a bottom parallel plate while the top geometry is a truncated cone with
a very slight angle (typically 0.5° to 4° for 8 mm to 60 mm diameter cones).

The angle of the truncated cone allows the gap height to change across the radius of the
geometry, accounting for the change in circumferential velocity. The relationship between
the gap height and circumferential velocity leads to the strain profile across the radius
being uniform [I03]. For this geometry to lead to a uniform stress field it must be operated
at the appropriate gap height, which is determined by the angle of the cone. This limit
on the gap height can unfortunately result in the particle size of a colloidal sample being
too large to reliably capture data (i.e. gap height being less than 10x the average particle
size).

In this work a 40 mm 2.009° 308 stainless steel Smart-Swap'™ Cone geometry was used
as the top half, along with a parallel Peltier Plate as the base with the gap height set at
400 pm.
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2.8.1.4. Double walled Couette

The measurement of systems with very low viscosities can be challenging with parallel
plate, or cone and plate geometries due to sample run off, and the small contact surface
available. One method for combating this is to use a plate with a larger diameter, thus
exposing more area of the sample to the applied forces and measurements. Another method
involves the use of a double walled Couette geometry. This exposes the sample fluid to
a greatly increased surface area of the geometry, with both the inner and outer walls of
the top half of the geometry being in contact with the fluid. This allows for much greater
sensitivity with materials that have a low viscosity. One trade-off with this geometry is the
much greater sample volume needed to fill the gap between the top and bottom sections
of the tool. In this work, the Couette geometry that was used was a double gap rotor
and cup used in conjunction with a Peltier concentric cylinder temperature system. This
system allows for temperature control between —20 °C to 150 °C, while also giving quality

data from low viscosity samples.

2.8.2. Development of experimental parameters

The development of experimental parameters is somewhat of a trial and error process,
where while there are some standard starting points, these may not be suitable for every
material that is investigated. In this work, the experimental methods used for each rheology
technique were investigated initially as each new emulsion system was prepared. The
experimental parameters used in each chapter of this work are outlined below. Each set
of parameters was chosen to limit degradation of the sample, while capturing as wide a
range of data as possible. All rheology experiments reported in this work were run at a
controlled temperature of 20 °C. Before each experiment the material was presheared. This
preshearing was carried out in order to minimise any differences in shear history of each
emulsion. A range of preshearing regimes were investigated throughout this work. It was
found that the application of a preshear did result in differences between measurements,

and as such a standard regime was adopted throughout (results of which are not shown).

2.8.2.1. Flow experiments

As discussed in Section [[.5.4.1] a flow experiment can provide information about the
stress and viscosity response to a varied shear rate. The shear rate can be increased, or
decreased as the experiment is carried out, each of which may influence the results that

are obtained. In this work, all flow experiments were carried out starting with low shear
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Flow sweep experiments in Chapter [3| were carried out with the following parameters:

e Temperature: 20°C

e Shear rate: 0.01s7! to 100s~!
e Points per decade: 5

e Conditioning time: 10s

e Averaging time: 20s

e Preshear: 0.1rads™ ! for 30s

e Equilibration time before experiment: Os
Flow sweep experiments in Chapter 4] were carried out with the following parameters:

e Temperature: 20°C

e Shear rate: 0.01s7! to 1000s~!
e Points per decade: 10

e Conditioning time: 10s

e Averaging time: 20s

e Preshear: 0.1rads™ ! for 30s

e Equilibration time before experiment: 0s
Flow experiments in Chapter [5| were carried out with the following parameters:

e Temperature: 20°C

e Shear rate: 0.01s7! to 157!
e Points per decade: 10

e Conditioning time: 10s

e Averaging time: 20s

e Preshear: 0.1rads™ ! for 30s

e Equilibration time before experiment: 0s

Models were fit to the flow sweep data and the quality of fits of the models were measured
by the r? value. The r? value is calculated via Equation in which y; and f; are the
measured and fitted data at point i respectively, and 7 is the mean data value. The r? values
presented were calculated using the software package Origin (OriginLab, Northampton,

MA, USA.) during the fitting of each model to the curve.

, S (yi — fi)?
S 20

)
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2.8.2.2. Oscillatory experiments

The use of oscillatory rheology experiments were discussed in Section There are
two main parameters that can be manipulated to extract important information about the
rheological properties of a system, oscillatory strain, and oscillatory frequency. Each of
these are monitored in two separate, but related, experiments. Both of these experiments
can be carried out in either an increasing or decreasing manner. In this work, all oscillatory
experiments were carried out in an increasing manner.

Strain sweep experiments in Chapter [3| were carried out with the following parameters:

e Temperature: 20°C

e Angular Frequency: 1rads™!

e Strain Percentage: 0.01% to 15000 %
e Points Per Decade: 5

e Conditioning Time: 55

e Sampling Time: 10s

e Preshear: 1rads™! for 30s

¢ Equilibration time before experiment: Os

Strain sweep experiments in Chapter 4] were carried out with the following parameters:

e Temperature: 20°C

e Angular Frequency: 1rads™!

e Strain Percentage: 0.029 % to 2852.11 %
e Points Per Decade: 10

e Conditioning Time: 55

e Sampling Time: 10s

o Preshear: 1rads™! for 30s

¢ Equilibration time before experiment: Os
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Frequency sweep experiments in Chapter [4] were carried out with the following param-
eters (note: The strain percentage used was changed between each emulsion in order to
maintain a position in the linear viscoelastic region. The values given encompass the range

of values used):

e Temperature: 20°C

e Angular Frequency: 0.1rads™! to 250 rads™!
e Strain Percentage: 0.4% to 1%

e Points Per Decade: 5

e Conditioning Time: 55

e Sampling Time: 55

e Preshear: 1rads™! for 30s

e Equilibration time before experiment: Os

Strain sweep experiments in Chapter [5| were carried out with the following parameters:

e Temperature: 20°C

e Angular Frequency: 1rads™!

e Strain Percentage: 0.01% to 15000 %
e Points Per Decade: 5

e Conditioning Time: 55

e Sampling Time: 10s

e Preshear: 1rads~! for 30s

e Equilibration time before experiment: 0s

Frequency sweep experiments in Chapter [o| were carried out with the following parame-

ters:

e Temperature: 20°C

e Angular Frequency: 0.1rads™! to 500 rads™*
e Strain Percentage: 0.25%

e Points Per Decade: 5

e Conditioning Time: 55

e Sampling Time: 5s

e Preshear: 1rads™! for 30s

e Equilibration time before experiment: Os
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2.8.2.3. Creep and creep recovery experiments

Creep and creep recovery experiments can be an accurate, although time consuming,
method for measuring the yield stress of a viscoelastic material [135]. A creep experiment
involves monitoring the strain of the sample while a given stress is applied for a time period
before releasing the stress for the recovery phase. This is repeated at increasing stresses,
and changes in the strain profile are analysed in order to determine the yield stress of the
material. In this work all creep experiments were carried out by increasing the applied
stress in a stepwise manner.

Creep and creep recovery experiments in Chapter [3] were carried out with the following

parameters:

e Temperature: 20°C
e Preshear: 1rads™?! for 30s

e Equilibration time before experiment: 0s

Errors are not presented for creep experiments due to the nature of the measurements

limiting the ability to average a series of measurements.
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3 Comparing different approaches
to measuring the Pickering emul-

sion yield stress

3.1. Introduction

In the work presented here a variety of methods for the extraction of a yield stress value
for a Pickering emulsion system across a range of oil volume percentages are evaluated and
compared. One of the key properties of Pickering emulsions is the viscoelastic behaviour
[7, 155, 156]. The yield stress is the critical stress value at which the emulsion is no longer
able to store the stress applied in an elastic manner. Instead it must yield, or move, to
dissipate this stored and applied stress in a viscous manner, so that the emulsion ceases to
behave in a solid-like manner and instead begins to flow like a liquid. While the concept
of this critical stress value appears to be straightforward, experimentally obtaining the
“correct” value is challenging. Many researchers have outlined methods for obtaining what
they assert is the “correct” value, and there is still ongoing debate about the accuracy of
different methods [124-131]. Here we consider the three main methods used to extract
yield stresses.

The first method considered in this chapter involves the use of a flow curve. The flow
curve is a classical method for the determination of the yield stress, in which the applied
shear rate is varied logarithmically, while the shear stress is monitored. The yield stress
can be extracted from this data via two methods; extrapolation of the measured stress
as the applied shear rate approaches zero, or via fitting of the data with a model. Here
Bingham or Herschel-Bulkley models, Eq. and were considered.

The second method that is considered in this chapter utilises an amplitude sweep. This

involves a varied oscillatory strain that is applied at a set frequency, while the storage and
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loss moduli are measured. There are a number of ways to evaluate the yield stress from
this oscillatory experiment. The first that is used in this chapter involves determining the
cross-over point of the storage and loss moduli as a function of oscillatory strain (G'= G")
[15]. Following this, the storage modulus in the linear viscoelastic region is fitted with
an average, while the storage modulus is also fitted separately below the inflection point
with a power law curve in the shear thinning region. The intersection of these two fittings
has previously been described as a measure of the yield stress [I57]. The third oscillatory
method utilised to evaluate the yield stress involved plotting the shear stress as a function
of shear strain, and again fitting the data below and above the inflection point of the data.
The intersection of these fittings of the shear stress vs. shear strain has also previously
been described as the yield stress [14] 130, [158].

The third method used to measure the yield stress is by measurement of creep. This
involves the application of a constant stress for a time period while monitoring the resultant
strain. The applied stress is then released and the strain is again monitored. When
comparing the measurements, a sample which shows little increase in the measured strain
is demonstrating unyielded behaviour, while a material which demonstrates an increased
strain response demonstrates yielded behaviour. In order to quantify the yield stress using
this method, the measurement is repeated at a number of applied stresses and the results
are compared.

Each of these three methods will be compared using a set of Pickering emulsions in this
chapter. The emulsions used to undertake this task were an oil-in-water Pickering emulsion
stabilised by silica nanoparticles. This work aimed to describe the differences between each
method for measuring the yield stress, and use this information to describe the emulsions

yielding processes in terms of the microscopic rearrangements of oil droplets.

3.2. Experimental methods

3.2.1. Materials used

Pickering emulsions utilised in this chapter were an oil-in-water system with the oil phase
comprising of a 60:40 (vol. % : vol. %) mixture of isopropyl myristate and dodecane (as
described in Chapter . This particular mixture of oils was chosen due to the isopropyl
myristate adding some degree of hydrophilicity to the discontinuous phase improving the
wetting of the charged silica stabiliser. Synthetic fumed hydrophilic silica nanoparticles

were used as the emulsifier in this system. The aqueous phase of the emulsion systems was
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prepared from Milli-Q water, with NaCl added to yield a final electrolyte concentration of
0.03mol L.

3.2.2. Emulsion preparation

Formation of the emulsions involved the dosage of dry silica nanoparticles into a vessel
(5wt. %). The appropriate volume of oil, and aqueous phases were then added to the vessel
consecutively. Once the required volumes were added, the system was homogenised with a
rotor-stator homogeniser (PowerGen 125, Fisher Scientific) at 30 000 min~! for 2 minutes
while moving the homogeniser head throughout the sample. Once the samples were fully
emulsified, samples were taken and diluted with the appropriate aqueous material to the
desired oil volume fraction. Samples with the following oil volume fraction were obtained

50, 45, 40, 35, 30 and 25 vol. %.

3.2.3. Droplet analysis

Droplets were analysed for both morphology and size using microscopy and laser diffrac-
tion. Optical microscopy was carried out in dilute systems (~2.5vol. %), in order to reduce
excessive light scattering, with a sample of the diluted system being placed into a welled
slide. Optical micrograph images were captured with a 40x objective on a Zeiss Axiophot
Microscope.

Confocal microscopy was carried out using a 30 vol. % emulsion system on a Leica SP5
DM6000B Scanning Confocal Microscope with a 63x oil-immersion objective. The emul-
sions had ~0.0005M Nile Blue as a charged aqueous stain, and ~0.0005 M Nile Red as a
oleophilic stain. The Nile Blue dye was excited with a 633 nm laser and the emission cap-
tured between 638 nm to 785 nm. The Nile Red dye was excited with a 514 nm laser and
the emission captured between 518 nm to 627 nm.

Droplet size analysis was carried out using a Mastersizer 3000 and processed with the
accompanying software package (version 3.30). Analysis of the droplet size distribution of
various batches of this emulsion are shown in Table [3.1]

While the optical microscopy methods used in Fig. show the bulk structure of the
emulsion droplets, it is not possible, at this magnification, to directly visualise the location
of the 100nm to 500 nm silica aggregates present in the Pickering emulsion system. In
order to better determine the location of the silica in these Pickering emulsion systems,
cryo-SEM images of the interfacial structures in the emulsions were obtained. Cryo-SEM

was utilised to identify the distribution of silica throughout the sample. Cryo-SEM images
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3. Comparing different approaches to measuring the Pickering emulsion yield stress

presented in this chapter were captured by Dr. Catherine Whitby, utilising a 30 vol. %

emulsion stabilised by 2.5 wt. % silica.

3.2.4. Rheological measurements

Emulsion samples were left at rest overnight to develop a network structure before rheo-
logical analysis was carried out. Rheological measurements were carried out at 20 °C with
both a 40 mm parallel plate geometry, and a 40 mm hatched plate geometry, each with a
gap height of 400pm on a DHR-2 rheometer. Emulsion samples were loaded on to the
rheometer with a disposable Pasteur pipette in a careful manner to minimise the shear ef-
fect from the pipette. Preparing the material for analysis was carried out by pre-shearing
for 30 seconds at 0.1rads™!, with no equilibration time before the experiment was carried
out. The pre-shear was carried out on these materials in order to apply a uniform defor-
mation to each sample before any measurements are taken. Three experiments were run
with each of the three yield stress methods on each loaded emulsion sample: a strain sweep
monitoring stress, G’, and G”, a flow curve monitoring stress and viscosity, and a creep
test showing the effect of constant stresses on the sample.

Initially, a hatched plate geometry was used for the emulsions at each oil volume per-
centage in order to remove any effect that wall slip may have. A parallel plate geometry
was utilised for comparison. It was found that at oil volume percentages of 35vol. % and
below there was a difference in the data captured between the parallel and hatched plate
geometries, similar to changes that have been attributed to wall slip by previous workers
[159]. In comparison, at oil volume percentages of 40vol. % and greater the differences
between the results obtained for each geometry reduced significantly. Due to this, at oil
volume percentages of 35vol. % and below the hatched plate geometry was used, while at
oil volume percentages of 40vol. % and above the parallel plate geometry was employed

due to its ease of use.

3.2.4.1. Flow curve

Flow curve experiments were performed with an increasing shear rate from 0.01s7! to
100s~ !, again with 5 data points per decade, with 20s of averaging per point measured
after a 10s conditioning step. Higher shear rates were attempted with these emulsion sys-
tems (100s~! to 1000s~!). However, these high shear rates resulted in obvious physical
degradation of the emulsions structure, something previously reported by others with Pick-

ering emulsions [54]. Figure shows the emulsion system both before and after shear at
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100s~ ! and 1000s~ 1.

(a) (b)

Fig. 3.1 Example images of a high oil volume percentage emulsion before and after shear
has been applied. a) Emulsion sample before any shear has been applied. b)
Emulsion sample after a maximum shear rate of 100 s~! has been applied showing
a stable sample. ¢) Emulsion sample after a maximum shear rate of 1000s~! has
been applied showing the damage to the emulsion system, as shown via the colour
change and splitting of the emulsion system.

3.2.4.2. Strain sweep

Strain sweep measurements were all performed across the strain range of 0.01% to
15000 %, at a constant frequency of 1rads™', with 5 data points measured per decade
with 10s averaging time after a 5s condition step per data point. The strain vs. stress, G’
and G” curves were evaluated for the material. The range of strains chosen here allowed for
full coverage of the areas of interest with each emulsion measured, covering both the elastic
state of the emulsions at low strain percentages, and the viscous nature of the systems at
high strain percentage. The error values reported in the tabulated data were calculated as
the spread between the average calculated value, and the minimum or maximum value for
the given data.

Data from multiple measurements for both the flow and oscillatory rheology were taken
and averaged to give an accurate representation of the systems investigated. The points
defined by the symbols in each graph are the mean value for these measurements, while
the range of data obtained is shown by the shaded areas for each oil volume percentage.

Errors reported for the tabulated data are the difference between the average calculated
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value and the minimum /maximum value for each shear rate.

3.2.4.3. Creep and creep relaxation

The creep experiment was performed after the flow curve and strain sweep methods
due to the need for some prior knowledge of the approximate range of the yield stress,
so that the range of values used for the creep measurement encompassed the yield stress
value. Creep measurements were carried out with a range of applied stresses, with sample
replacement between each measurement. The stresses were applied for a minimum of 180,
with the resultant displacement of the sample being measured as the stress was applied.
Then, the sample was left to relax for a minimum of 180s with the displacement of the
sample being measured. Errors are not presented for creep experiments due to the nature

of the measurements limiting the ability to average measurements.

3.3. Results

3.3.1. Emulsion microstructure

While experimental methods are most often concerned with the bulk physical properties
of many emulsion based products, it is important to recognise that these properties are
implicitly a function of the microstructure of the emulsion systems [I14]. It can then be
seen that for meaningful repeatable measurements of the yielding and flow of emulsion
systems to be made, the microstructures must be controlled with both droplet size, and
any network formation due to flocculation between the oil droplets and the silica particles
remaining constant.

As Fig. shows, this emulsion system is comprised of spherical droplets with an aver-
age diameter of approximately 20 um as determined by optical microscopy. The droplets
demonstrate a degree of flocculation, likely due to attractive interactions (covered in more
detail later in Chapter . Table shows the mean droplet diameter is 24.3 & 3.0 pm,
with a span of 1.36 £ 0.01 when measured by light scattering.

While Pickering emulsion systems can demonstrate remarkable stability, some Pickering
emulsion systems can be vulnerable to the effects of coalescence over time, especially with
the daily mixing that these systems were exposed to [52, 90, [160]. This coalescence will
result in an increase in the droplet size, and will ultimately change the interactions between
the droplets, which in turn will result in a different overall network structure forming. The

size of the emulsion droplets was measured over a period of two weeks to evaluate the
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Fig. 3.2 Optical micrograph of a 2.5 vol. % Pickering emulsion system. The image shows
that droplet morphology is spherical, with no misshapen droplets.

Table 3.1. Droplet size analysis of a number of batches of oil-in-water Pickering emul-
sions stabilised by 5 wt. % silica showing the similarity of emulsion sizes across
multiple preparations.

Batch D [4.3] Dy (10) Dy (50) Dy (90) Uniformity Span
pm pm pm pm

1 23.9 10.8 20.8 40.1 0.459 1.408

2 26.2 12.0 22.5 42.6 0.463 1.361

3 28.9 15.0 26.6 46.2 0.367 1.175

4 21.1 9.45 18.1 35.3 0.471 1.427

5) 21.4 9.50 18.3 35.8 0.478 1.441
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Fig. 3.3 Changes in the size of oil-in-water Pickering emulsion droplets stabilised by
5wt. % silica over the course of two weeks from the time of preparation. Lines
are placed to guide the eye to the trend in the data. Samples used for rheological
analysis were used one or two days after preparation.

rate at which coalescence occurs in this system. Figure|3.3|shows both this change in size,
and an increase in the variation of the oil droplets as they age for up to two weeks with
mixing each time a sample was taken. Due to these changes in the droplet sizes, rheological
measurements were all made on emulsions within two days of preparation.

The micrographs obtained from the confocal microscopy used to image these emulsions
are demonstrated in Fig. The micrograph shows four oil droplets surrounded by an
aqueous phase that is filled with silica nanoparticles. In addition to the presence of silica
in the aqueous phase, there appear to be shells of silica forming around the oil droplets,
consistent with these being Pickering emulsions that are stabilised by solid nanoparticles.

Two cryo-SEM images are displayed in Fig. and [3.5b|showing the structure of these
silica stabilised Pickering emulsions at two different magnifications. These figures highlight
the distribution of oil, water, and silica throughout the emulsion system. The labels shown
in Fig. indicate that the oil droplets are the discontinuous phase distributed in an
continuous aqueous phase which in turn has a network of silica nanoparticles throughout.

In addition to the silica network that is present, it can also be seen that each oil droplet
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Fig. 3.4 Confocal microscopy of 30vol. % oil-in-water Pickering emulsion stabilised by
5wt. % silica, showing the structural features, and the distribution of materials.
Red colouration is the result of the oleophilic dye added to the oil. Blue coloura-
tion is due to the charged dye added to the aqueous phase to stain the silica
nanoparticles.
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has a coating of nanoparticles, as expected for a Pickering emulsion. Fig. shows a
similar sample of emulsion at a higher magnification level, allowing a clearer view of the
multi-layered silica coating of each oil droplet. These cryo-SEM images demonstrate the
three dimensional network that forms. This network is comprised of the coated oil droplets,
excess silica aggregates, and is distributed throughout the aqueous continuous phase.
The network structure between the oil droplets is demonstrated to some degree in both
Figs. and In contrast to this, Fig. does not show an overall network structure
forming between the droplets. This is due to the dilute nature of the sample used for optical
microscopy. The bulk emulsions, which have oil volume percentages that are between 10
and 20 times greater, will have droplets which are located in close proximity. It has been
demonstrated previously that increasing electrolyte concentrations will lead to a decrease
in the electrostatic repulsion between suspended silica particles [8], 24]. This can result in
an attractive interaction between the silica particles, giving a system where the emulsion
droplets will be within close proximity of each other [23] (observed in Figs. and [3.5)).
Due to these interactions, the droplets will form a network mesh throughout the bulk
sample, the strength of which is accounted for by both the van der Waals and electrostatic
repulsion components of the DLVO theory. It has been demonstrated previously that the
network structure of a system will affect the rheology of the materials [161HI63]. The
network structure that is formed between the oil droplets is built with the excess silica
aggregates that are present in the aqueous phase. This excess of the solid stabiliser is
known to provide an increase in the elastic strength of Pickering emulsions [90]. This
chapter will demonstrate the effect that this network of particles will have on the rheology

of these emulsion systems.

3.3.2. Emulsion viscous flow curves

The first approach to determining the yield stress of the emulsions involved the measuring
their viscous flow behaviour. The flow behaviours measured here were both the viscosity
and the stress response to an increasing shear rate. Both of these responses are presented
and discussed below.

The origin of the viscosity of a particular material arises from the intermolecular or, in
the case of colloidal systems, the interparticle interactions. The interactions between the
particles or molecules in a system will add a level of friction as a shear is applied to the fluid.
This is observed physically as the viscosity. As the shear stress is changed, some systems

(non-Newtonian fluids) will show a change in the measured viscosity. Figure shows
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Fig. 3.5 Cryo-SEM image of a 30 vol. % Pickering emulsion stabilised by 2.5 wt. % silica.
(a) Micrograph demonstrating the oil droplets dispersed throughout an aqueous
phase containing a network of suspended silica nanoparticles. Labels have been
added to identify each component. (b) Higher magnification image demonstrat-
ing three oil droplets and the interfaces between them. This image demonstrates
the silica shell that surrounds each oil droplet, while also demonstrating the net-
work of silica nano-particles between oil droplets. Cryo-SEM images presented
here were obtained by Dr. Catherine Whitby at the University of Auckland.
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3. Comparing different approaches to measuring the Pickering emulsion yield stress

the changes in viscosity for an emulsion system with a range of oil volume percentages
(while maintaining a fixed droplet size), as the applied shear rate is increased. This figure
demonstrates that as the shear rate is increased, the viscosity of each emulsion decreases,
consistent with these emulsions being shear—thinning fluids. This shear—thinning fits well
within the accepted behaviour of emulsion systems at the volume fractions investigated
here [97]. This behaviour is understood to arise from the networks of droplets that make
up the system being disrupted as increasing shear stresses are applied. The rearrangement
of these networks alters the interparticle interactions supporting the system, and therefore
reduces the viscosity of the emulsion.

A further feature that is notable in Fig. [3.6]is the affect that oil volume percentage has on
the viscosity of the system at each applied shear rate. Increasing the oil volume percentage
from 25vol. % to 50vol. % increases the viscosity by over two orders of magnitude — a
significant difference for such similar systems. These changes can be explained through
the density of the network present in the continuous phase of these systems. At the higher
volume percentage samples, a larger volume of the system is taken up by oil droplets, and
as such there will be an increase in the friction experienced in the material as shear stresses
are applied to it. When a lower volume percentage sample is examined, a network will still
be formed between the droplets in the sample. This will still add a level of friction inside
the sample. However, there are less “network building” elements present in the sample
which will result in the overall viscosity being lower.

As discussed in Section[2.8.2.1] there are models which permit predictions of the viscosity
of an emulsion as a function of volume percentage based on the viscosities of the component
materials. The models used for these systems are the Einstein (Equation , Batchelor
(Equation [1.17)), and Kreiger-Dougherty models (Equation [1.18), each restated below.

Ny = ne(1+ 2.5¢0) (1.16)

Ny = ne(1 + 2.5¢ 4 6.2¢°) ([T.17)

—2.5¢
Nr = Tc <1 - (b)
Pp

In each of these models 7, is the relative viscosity of the dispersion, 7. is the viscosity of

1.18

the continuous phase, ¢ is the oil volume percentage of the dispersion (the discontinuous

phase volume percentage), and ¢, is the maximum packing fraction for poly-disperse hard
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Fig. 3.6 Viscosity response to an increasing shear rate of oil-in-water Pickering emulsions
stabilised by between 2.5wt. % and 5wt. % silica. The oil volume percentage
of each of the emulsions are presented in the legend. Shaded areas indicate the
variation in multiple measurements of each emulsion system.
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Table 3.2. Relative viscosity of each emulsion oil volume percentage calculated via the
three models, as well a comparison to the low shear measured viscosity of each
oil-in-water Pickering emulsion stabilised by between 2.5wt. % and 5wt. %
silica.

Oil volume Einstein model Batchelor model Krieger-Dougherty =~ Measured
percentage viscosity viscosity model viscosity viscosity
(vol. %) (Pas) (Pas) (Pas) (Pas)
25 1.4x 1073 1.8 x 1073 2.0x 1073 11 +4
30 1.5 x 1073 2.1 x 1073 2.5 x 1073 23 +£9
35 1.6 x 1073 2.3 x 1073 3.2x 1073 54 + 10
40 1.7 x 1073 2.6 x 1073 4.3 x 1073 290 + 80
45 1.8 x 1073 3.0 x 1073 6.2 x 1073 830 £ 280
50 1.9 x 1073 3.4 x 1073 1.0 x 1072 2900 £ 1200

spheres (¢, = 0.64). The values calculated for each volume percentage with each model
are shown in Table and compared with experimental results. In all cases it is observed
that the measured low shear viscosity for each emulsion is substantially greater than the
viscosities predicted by each model. This difference is not unexpected, as each model
does not include any parameters to describe the non-zero interactions between the oil
droplets in the emulsions [II5HI21] [164]. It can also be seen that the measured viscosity
has a much higher dependence on oil volume percentage than any of the models. This
higher dependence can be explained due to the increased interactions between the emulsion
droplets and aqueous silica network at higher oil volume percentages. The increases in oil
volume percentage will decrease the volume of aqueous phase separating the oil droplets,
increasing the network strength.

The measurement of the stress response of a material to a change in shear rate is a
routine and well used tool for a rheologist to employ when trying to understand a given
material. One of the key metrics that can be extracted from the shear rate dependence of
the stress is the yield stress. As noted in Section[2.8.2.1] the yield stress is an often debated
concept. In this work the term will be used to describe the minimum force that is required
to commence flow of a material [97, 124H129]. The results from the stress measurements
carried out for this work are provided in Fig. This indicates that, for these materials,
while the oil volume percentage is increased, the stress required to maintain a given shear
rate increases in a predicable manner. Figure shows that high oil volume percentage
samples (>40vol. %) demonstrate a relatively constant stress response with shear rate

across the range of shear rates accessible to the emulsion system.
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Fig. 3.7 Dependence of stress on an applied shear rate for oil-in-water Pickering emulsion
stabilised by between 2.5 wt. % and 5wt. % silica across a range of oil volume
percentages (as indicated in the figure legend). Shaded areas indicate the varia-
tion in multiple measurements of these emulsion systems.
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Fig. 3.8 Fittings of the stress dependence on an applied shear rate for oil-in-water Pick-
ering emulsion stabilised by between 2.5 wt. % and 5wt. % silica across a range
of oil volume percentages (as indicated in the figure legend). Determination of
the yield stress was carried out in different ways for each oil volume percent-
age. Samples with 40 vol. % or greater involved the fitting of an average to find
the stress (dashed lines). Samples with 35vol. % or lower were fitted with the
Herschel-Bulkley (solid lines), and Bingham models (dotted lines). Averages were
also fitted to the low shear rate plateaus of 25 to 35 vol. % samples (not shown).

Due to the linear response observed at >40vol. % the only fitting that was carried out
on these three emulsions was averaging, which afforded yield stress values of the materials.
These shear responses have been seen previously in high volume percentage emulsions,
and have been described as being due to inhomogeneous flow [I30]. Lower oil volume
percentage emulsions (<35vol. %) demonstrate an interesting non-linear response to the
increasing shear rate applied to the materials, with an asymptotic-like plateau at low shear
rates. The plateau at low shear rates was fitted again with an average, which allows an
approximation of the yield stress of the emulsions. Fitting of the power law component
of these curves was carried out with both the Herschel-Bulkley and Bingham models, and
the results are shown in Fig. [10T], 102].

The r? value values for the Herschel-Bulkley curves to the data was found to be high,

with 72 values between 0.98 to 0.99. The fit that this data had to the Bingham model
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resulted in r2 values within the range of 0.94 to 0.98. It is important to note that the
stress response of these emulsion systems will likely change at higher shear rates. However,
as acquisition of the yield stress is the target of this work, higher shear rates were not
investigated. Yield stress values extracted from these stress plots are provided in Table
3.3

Interestingly, although perhaps unsurprisingly, the yield stresses extracted via each
method are similar at each oil volume percentage. The errors presented on each mea-
surement, for the most part, cover the range of data presented by each method. As each
of the flow curves presented here were carried out with an increasing shear rate, the yield
stress values extracted here are ascribed to being static yield stresses; the static yield stress
being the minimum stress that is required to make a material begin to flow from a static
state.

Comparisons between the data seen in Table shows that each of the methods em-
ployed to extract a yield stress number give very similar results. It is expected that both
the Herschel-Bulkley and Bingham fits will be closely related to each other, as the Herschel-
Bulkley equation is simply a modified Bingham fit, with a power value of n acting on the

shear rate. Both the Bingham and Herschel-Bulkley equations are shown in Equation [I.19]
and respectively.

T=170+k7Y (1.19)

T =70+ kY" (T-20)

In each of these equations 7y is the characteristic yield stress of the material, 7 is the
shear stress, k is a consistency function, and n is a flow index. The flow index is a value
that can be used to demonstrate the shear response of a material. When the value of the
flow index is greater than 1 the fluid is a shear thickening material, while when the value
is less than 1 the material will demonstrate a shear thinning behaviour. If the value of
the flow index, and the yield stress value, are n = 1 and 179 = 0 the model will reduce to
describing a Newtonian fluid. For each of the three data sets to which a Herschel-Bulkley
model was fitted the value of the flow index was n = 0.63, n = 0.73, and n = 0.82 for the
25, 30 and 35 vol. % emulsions respectively, all of which are less than n = 1, indicating that
each sample demonstrates shear thinning behaviour. This is consistent with the viscosity

data reported in Section [3.3.2]
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Table 3.3. Yield stress values for a range of oil-in-water Pickering emulsions stabilised by
between 2.5 wt. % and 5wt. % silica at a number of oil volume percentages as
measured via fittings of the stress response to an increase in the applied shear
rate.

Oil volume Average low Herschel-Bulkley Bingham

percentage shear stress  fitting of stress  fitting of stress

(vol. %) (Pa) (Pa) (Pa)
25 0.3+£0.1 0.3£0.1 0.3£0.1
30 0.6 0.1 0.6 £0.2 0.6 £0.1
35 1.34+£0.2 1.24+0.2 1.4+0.2
40 9+ 2 6+2 8+3
45 25 £ 6 - —

50 70 £ 30 — —

3.3.3. Oscillatory measurements

Previous measurements carried out on the emulsion samples reported in this chapter
have all induced flow in the materials by shearing the samples in a single direction. An
alternative approach used to extract the yield stress is the use of oscillatory rheology
measurements. The measurements in this section investigate the elastic properties of the
emulsions by applying an oscillatory strain or stress to the samples. In the case of these
measurements, the applied strain was controlled, and the stress response was measured.
As was noted in Section [2.8.2.2] the stress and applied strain can be used to calculate a
value for the storage (G'), and loss (G”) moduli via Equations and

G =055 (1.24))
o

" =W gins (1.26)
()

in which 7(;) and () are both the stress and strain components, while ¢ is the phase change
between the applied strain and measured stress response.

Figure [3.9| shows the changes in elastic potential of these systems as the oil volume per-
centage of the emulsions were increased. As the oil volume percentage is increased, the
values for both G’ and G” increase substantially. This is to be expected as the network
structure inside the emulsions becomes more densely interconnected. Across all of the mea-

sured oil volume percentages there is a region at low strain percentages where the value of
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G’ is independent of strain. This region is observed across many colloidal systems, and has
previously been explained as being the region in which the energy applied to the materials
through the strain is largely stored elastically, rather than dissipated viscously [165]. As
the oil volume percentage is increased from 25 to 50 vol. % in the present study, the value
of G’ in the linear viscoelastic region increases by over two orders of magnitude from =2 Pa
to ~600 Pa, demonstrating an increase in the elasticity of the materials. Another feature
of the plots shown in Fig. is the rate at which the G’ of the linear viscoelastic region
increases as the oil volume percentage is increased. The data presented at lower volume
percentages (<35vol. %) shows only a small difference between each emulsion measured,
when compared to the range of data seen at higher volume percentages (>40vol. %). This
effect was also seen to some degree earlier in Fig. [3.7, and is interpreted here as being due
to the volume of network building components present in each emulsion sample. At lower
oil volume percent there will be a lower number of oil droplets present per unit volume of
continuous phase, which will lead to an overall weaker network being formed. Once a crit-
ical number of droplets is reached, the network that is present in these emulsion samples
will become sufficiently wide ranging to significantly increase both the yield stress and the
elasticity.

Another distinguishing feature of these plots is the peak that is seen in the G” data
for each oil volume percentage. This is a peak that is often seen in viscoelastic fluids.
The origin of this peak is due to a decrease in the structural relaxation time at high
strain percentages [LI66H169]. It has been posited previously that fitting the shear thinning
behaviour seen after this peak in the G” will result in a power law where the G” exponent
(n) is “always about one half of the exponent associated with G'(m)” (Equation in
which G’ or G” are the storage and loss moduli respectively, a is a scale factor, 7 is the

shear strain percentage, and v is the power slope of the curve) [166].

(G'/G") = ay” (3.1)

This assertion was tested against these emulsions, and was found not to be consistent
across the full range of oil volume percentages measured here. However this is not un-
expected, as the emulsion system used here has an attractive interaction between the
emulsion droplets. The exponents extracted for each G’ and G” fitting, displayed in Table
, shows variation in the slopes of G’ and G” across the volume percentages measured,
while the ratio of 7/m also varies significantly. At low oil volume percentages (25vol. %

and 30vol. %) the slope of both G’ and G” were low, demonstrating the limited struc-
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ture in these low droplet density systems. The ratio of »/m at these low volume percentage
samples is slightly higher than that posited by previous researchers [166H169].

At higher oil volume percentages (>35vol. %) the slope of both G’ and G” increased
to larger power values, with 50vol. % having a power for G’ more than twice as large
as that of the 25vol. % sample. The power value of G’ also increased by around 15%
as the oil volume percentage increased from 25vol. % to 50 vol. %. Changes in the slope
values result in the ratio of »/m changing from =~ 1.3 at 50vol. % to ~ 2.3 at 25vol. %.
This change is not unexpected, as the network structures that were formed between the
emulsion droplets present in the higher volume percentage samples will alter yielding profile
of these materials. At low volume percentages, once the sample has begun to yield, the
separation of oil droplets will be substantial, which will result in significant shear thinning.
This is demonstrated in the data as an increased ratio between the power coefficients, 7/m,
for the slopes of G’ and G”. The absolute slopes of these low volume percentage are also
lower, due to there being less structure in the samples to break down.

When the yielding processes of the higher volume percentage samples are considered,
the slopes of both G’ and G” are greater, with the larger change occurring in the G”

091 when comparing the 25vol. % and

slope value, with an increase from ~v~043 to ~
50vol. % samples — an indication that the yielding process involves the disruption of a
more substantial network.

As the yielding process begins the material transitions through a network disruption
process, where the overall network of the emulsion begins to break down into smaller flocs
of droplets, before transitioning through a cage—breaking process where the oil droplets
are separated from their nearest neighbours. It is expected that these processes would
normally be seen as two separate peaks in G”, (as they appear to be to some degree in
the 40 vol. % data, Fig. [12, 13] 142]. However it is possible that the two peaks have
merged into a single broader peak in the data.

There are multiple methods which can be employed to extract a yield stress from these
oscillatory measurements. The first method is to find the point at which the plots of
G’ and G” cross-over (G = G") [15]. At strain percentages larger than this point the
viscous dissipation component (G”) will become larger than the elastic dissipation (G”).
As this transition from elastic dissipation to viscous dissipation occurs, the system can
be considered to have yielded. The second method that can be used to gather a yield
stress involves the fitting of two line segments to the G’ curve. The first line segment is an

average of the linear viscoelastic region, or the region where there is little change in the G’
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Fig. 3.9 Response of the elastic storage modulus (filled symbols) and the viscous loss mod-
ulus (unfilled symbols) of oil-in-water Pickering emulsions stabilised by between
2.5wt. % and 5wt. % silica across a range of oil volume percentages to changes
in the applied oscillatory strain at a constant oscillation frequency (1rads™1).
(a) and (b) are for data from multiple vol. % samples which have been separated
for clarity. For the 50vol. % system a rectangle highlights the area where the
cross-over between the storage and loss moduli, while the dashed lines show the
fittings added to the storage moduli, with the circle showing the cross-over of the
two fits. Shaded areas indicate the variation in multiple measurements of these
emulsion systems.
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3. Comparing different approaches to measuring the Pickering emulsion yield stress

Table 3.4. Power values for the slope of G’ and G” in the shear thinning region of Fig.
[3.9] and the ratio of these two values. The power values for G’ are denoted as
m, while the power values for G are denoted as n.

G x 7—1.19
G/ x ,}/71.14

45 VOl. % G,/ . 7—0.86 n/m = 133
G x ,7—1.15
G/ x ,Y—1.07

35 VOl. % G,/ -~ ,}/—0.56 n/m = 192
G x ,7—1.03

30 VO]. % G// . ,}/—0.48 "/m = 215
! —1.01

25vol. % & X7 n/m = 2.34
Q" x ,7—0.43

value as the strain percentage is increased, with the second fitting being a power law fit to
the section of G’ past the linear viscoelastic region. The intersection point of each of these
fits corresponds with the inflection point for the G’ curve, and together with the coefficient
of the power law used, is another descriptor of the yield stress. The final method used
to obtain a yield stress value from oscillatory measurements used in this chapter arises
from an analysis of the shear stress vs. shear strain data. As with the previous method,
extracting the yield stress from the data involves the fitting of curves. Two curves are
fitted to this plot: a power law component at low strain, and then either an average, or
second power law, at higher shear strain percentages. Again, the cross-over point of these
two curves indicates the inflection point in the data, which can be taken to be the yield
stress for each sample, while the values of the power laws used are also useful information.

The values of the yield stress extracted from the shear strain vs. G’ and G” are shown
in Table A cursory analysis of the average yield stress values collected from the two
methods used on this plot demonstrates a difference between each extraction method. The
average yield stress values obtained from the G’ and G” cross over are approximately twice
those of values obtained from the fitting of G’ across all oil volume percentage emulsions
measured. While the average values obtained from the G’ and G” cross over are larger
than those from the fitting of G’, the range of errors obtained with the cross over of G’
and G” are also significantly larger. This results in the range of values from the cross over

of G' and G” and the values from the fitting of G’ overlapping when the errors are taken
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Table 3.5. Yield strain and yield stress results for a range of oil-in-water Pickering emul-
sions stabilised by between 2.5wt. % and 5wt. % silica at a number of oil
volume percentages as measured via fittings of the elastic storage and viscous
loss moduli responses to an increase in the oscillatory strain.

Oil volume Cross over of Cross over of  Intersection of fittings Intersection of fittings
percentage G’ and G” as G’ and G” as a  as a strain percentage as a yield stress
(vol. %)  a strain percentage (%) yield stress (Pa) (%) (Pa)

25 150 £ 60 0.2+£0.1 5+3 0.10 £0.07

30 140 + 40 0.44+0.3 T+4 0.20 £ 0.15

35 140 £ 80 0.8£0.8 10 £ 8 0.44+0.3

40 80 £+ 30 20£15 4+6 1.0£0.7

45 125 £ 30 20£6 85 9+3

50 100 £ 15 80 + 40 11+3 45 £40

into account. The significant errors that are present in the cross over of G’ and G” limit
the viability of this method for the emulsion system investigated in this work.

The final oscillatory method that is used to extract a yield stress is the stress vs. strain
plot, as is seen in Fig. [3.10] As with the previous oscillatory data, it is possible to
extract a yield stress from the intersection of two power law fittings to the curves. This
region is highlighted in a single curve in Fig. by the purple circle superimposed
on the 50vol. %. The value for the yield stress is then taken as the stress value at this
intersection point, and the values extracted for each oil volume percentage measured are
shown in Table These values, as with the previous sets, all show a slow increase at low
oil volume percentages, with a greater spread between the data at higher oil percentages.
There are also some interesting changes in the shape of the curves as the oil volume
percentage changes. At high volume percentages (45 and 50 vol. %) the shape of the curve
is readily interpreted, and can be fitted with two power law functions. When the oil volume
percentage drops to 40 vol. % a secondary plateau emerges at high strain percentages. This
secondary plateau is likely due to a non-standard yielding process occurring. It is proposed
here that this second yielding process is due to the attractive nature of these Pickering
emulsion samples, and this will be investigated further in Chapter [d, When the curves for
the lower volume percentage samples (25 vol. %, 30 vol. % and 35vol. %) are inspected this
secondary yielding phenomena is not observed as a peak. However, there is an increase in
the stress as the strain is increased, indicating that another yielding event may take place
at a higher strain percentage.

The errors obtained for the fitting of each data presented in Table[3.6|are significant. The

origin of these large errors is apparent in Fig. [3.10] where fitting of the highest and lowest
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Fig. 3.10 Responses of oscillatory stress to an increasing oscillatory strain for oil-in-water
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Pickering emulsions stabilised by between 2.5 wt. % and 5wt. % silica across a
range of oil volume percentages. Shaded areas indicate the variation in multiple
measurements of these emulsion systems. Lines are power-law fits of the be-
haviour well above and well below the yielding point, the intersection of which
is shown by the circle (the yield stress).



3.3. Results

Table 3.6. Yield strain and yield stress results for a range of oil-in-water Pickering emul-
sions stabilised by between 2.5wt. % and 5wt. % of silica nanoparticles at a
number of oil volume percentages as measured via fittings of the oscillatory
stress response to an increase in the applied oscillatory strain.

Oil volume Intersection of fittings

percentage  of stress-strain curve

(vol. %) (Pa)
25 0.1£0.1
30 0.20 £0.17
35 0.4+0.3
40 1.44+1.0
45 15£5
50 80 £ 50

data for each volume percentage results in a significant range of yield stress values. This
effect is demonstrated clearly with the lower oil volume percentage emulsions, where the
errors are close to the measured value. If the system is comprised of networked structures
it might be expected that the rheological results would be more reproducible, and as such
the errors may be lower. As the oil volume percentage is decreased the oil droplet network
structure became far less populated. The limited number of oil droplets present in these
emulsion systems leads to structures that may well be variable and sensitive to the shear
history of the sample. Any such sensitivity would result in rheological measurements that
would vary in their magnitude, thus giving rise to large errors.

The power laws that were fitted all had very similar values of the power used for each
fitted section. The first increase in stress seen at each volume percentage was found to have
a relationship of 40-99%0-02 The secondary increase seen in the samples 25 vol. %, 30 vol. %,
35vol. % and 40 vol. % had an increased range of slopes, with an average value of »0-52%0-14,
The similarity of the coefficients for each yielding step indicates that the microscopic
rearrangements that occurred at each step were similar across the range of oil volume
percentages investigated here. This is consistent with work by others that investigated
multistage yielding processes in colloidal glasses, and theorised that two distinct processes

occur [13]. The behaviour of these multi-step yielding processes will be further investigated

in Chapter [4]

83



3. Comparing different approaches to measuring the Pickering emulsion yield stress

3.3.4. Creep test and creep recovery

The final method utilised to determine the yield stress of these emulsion samples was
a creep test. Creep and creep recovery testing is a method for determining the yield
stress of a material with great accuracy. However, that accuracy is dependent on the user
having sufficient time, and sample, available to carry out repeated measurements with
slight variations in the applied stress. This method was utilised with two different oil
volume percentage samples after all of the previous methods had been completed, and a
range of yield stress values had been extracted for each sample. The results for these two
emulsions are shown below.

The first emulsion analysed with the creep test was a 40vol. % sample. The results
of this are displayed in Fig. [B.II] where it is apparent that there were two groupings
of curves. These two groups of data demonstrate the difference between a sample which
has yielded, and one which has not. The 9Pa and 10 Pa curves demonstrate previously
unyielded sample, which is defined in this experiment by the lack of any significant change
in the strain experienced by the sample as the experiential time progresses. This lack
of movement of the sample is due to the applied stress not being sufficient to disrupt the
network of oil droplets throughout the material, leaving the material acting as a solid where
the applied stress is dissipated in an elastic manner. The four remaining curves show a
very different behaviour over time. These curves, where the applied stress is greater than
12 Pa, show a significant change in the measured strain as the experiment time progresses.
This demonstrates that the emulsions yielded, or that the network of oil droplets inside
the material were disrupted by the applied stress. This disruption results in a liquid-like
material which flows as the stress is continually applied over the course of the experiment.

During the recovery phase of each experiment, both the yielded and unyielded samples
demonstrated a subtle but notable difference in the data obtained. In Fig. the
recovery or relaxation data is denoted by the open symbols. Initially, the unyielded data
demonstrated a small drop in the measured strain when the applied stress is removed. This
is due the release of the elastic energy stored in the slight deformation of the material’s
network structure. As this energy was released, the emulsion moved back towards the
original configuration of droplets within the sample. In comparison, the relaxation step
seen in the yielded samples demonstrated a different response. These yielded samples
showed no change in the measured strain as the applied stress was removed. This was due
to there being no elastic energy stored in the droplet network of these emulsions after they

have yielded. The applied stress during the creep phase was sufficiently large to break-up
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Fig. 3.11 Time dependence of strain obtained from several creep experiments run on an
emulsion with an oil volume of 40%. Each set of data shown was taken with
a new volume of emulsion being loaded, and with the specified stress being
applied. Filled symbols indicate the time over which the stress was applied,
while unfilled show the relaxation period with no applied stress.
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3. Comparing different approaches to measuring the Pickering emulsion yield stress

the network of droplets in the sample, which resulted in the applied stress being dissipated
through the flow of the sample. The lack of energy stored in the network meant the sample
was not able to “bounce back” to its original form.

It would have been expected that the lowest applied stress would have the smallest strain
deformation, while the highest applied stress would be expected to deform the largest
amount with a large strain. Somewhat counter-intuitively this did not appear to be the
case for this set of data (and others presented in this work), with increases in the applied
stress not necessarily leading to increases in the resultant strain. However, this did not alter
the measurement of the yield stress with this experiment. This scatter in the measured
data was not able to be immediately repeated, an indication of possible differences in the
structure of each individual loaded emulsion sample.

The determination of the yield stress is carried out via repeated measurements at dif-
ferent applied stresses. Once a range of measurements were compiled, the yield stress was
determined by finding the split in the groupings of data. The stress at which the slope of
the curves change significantly is the yield stress for the material. For example, the data
shown in Fig. shows a delineation between the 10 Pa and the 12 Pa curves, indicating
that the yield stress for this sample is between these two values ((11 £ 1) Pa).

Repeating these creep experiments on a 30vol. % emulsion affords the results that are
provided in Fig. As with the 40 vol. %, there is a notable change in strain percentage
as the sample yields. Again, the samples with the lowest change in strain percentage over
time were the unyielded samples (black and red markers). These two samples were again
able to elastically dissipate the applied stress without significantly increasing the measured
strain. When the applied stress was removed in the relaxation step, the measured strain
dropped as the sample releases the energy store elastically in the droplet network. Samples
with applied stresses greater than the two unyielded measurements showed a large increase
in the measured strain percentage across the measurement time. This is similar to that
observed for the 30vol. % samples, where the stresses applied were sufficient to break
the network structure in the emulsion, leading to the sample being unable to store the
applied energy elastically, and instead dissipating the energy in a viscous manner. The
yield stress value for the 30 vol. % emulsions were deduced to be between 0.9 Pa and 0.95 Pa
((0.925 4+ 0.025) Pa).

There is one obvious outlier in Fig. [3.12] — the measurement with 1.1 Pa. This data set
showed elastic-like behaviour at a short experimental times, followed by a rapid increase

in the measured strain at ~350s, after which the sample exhibited shows viscous-like be-
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Fig. 3.12 Creep and creep recovery tests for 30vol. % oil-in-water Pickering emulsions
stabilised by 3wt. % of silica nanoparticles. The creep is applied at the given
stress (see legend) for 600s, after which the applied stress is released for 180s.
The groupings of the data demonstrate the yield stress to be between 0.9 Pa to
0.95 Pa.
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Fig. 3.13 Average values of the yield stress for oil-in-water Pickering emulsions stabilised
by between 2.5 wt. % and 5wt. % of silica nanoparticles at different oil volume
percentages, measured through flow methods or oscillatory methods.

haviour. This behaviour was unexpected for this type of material, and was not immediately
repeatable at this applied stress, but was also seen on other occasions (not shown here).
The shape of the curve for the 1.1 Pa is similar to that seen in creep experiments analysing
the fracture of steel [I70] — this may suggest that there is a stress build up and fracture
of the emulsion network in the present case. Further work would be required to test this

hypothesis.

3.4. Comparisons of yield stress methods and conclusions

In the past, there has been significant debate in the literature about both the best method
to measure a yield stress, as well as if a yield stress is even a “real” property of any material.
In this work, a range of methods have been utilised to measure a number of different yield
stress values. Figure [3.13] provides a summary highlighting the differences between the
average values for the yield stress measured by flow methods (low shear average, Herschel-
Bulkley fit, and Bingham fit) compared to the average values of obtained by oscillatory

fitting methods (stress-strain curve fitting and strain sweep curve fitting).
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Table 3.7. Relationship between oil volume percentage and the yield stress measured for
a range of oil-in-water Pickering emulsions stabilised by between 2.5 wt. % and
5wt. % of silica nanoparticles.

Method Scaling of yield stress
Low shear stress average o PLIER0
Herschel-Bulkley fit o L2
Bingham fit ~ ¢igli2'5
Storage/loss moduli cross—over ~ gb(l)?lﬂ'g
Storage modulus inflection point ~ d)(ln.?lﬁ‘s
Stress-strain inflection point ~ d)i?lio'g

The data in Fig. and the data for each individual method (not shown) show a
positive power law shape to the yield stress as the oil volume percentage is increased. This
marked increase in the strength of the emulsion as the oil volume percentage increases is an
anticipated trend that can be explained by the growing number of network elements present
in the emulsion samples [I7I]. When the yield stresses are compared for each method, the
data follows an exponential growth with an offset y-axis intercept. This demonstrates that
these emulsion systems demonstrate a minimum yield stress at low volume percentages.
This is due to a weakly associated network forming between the oil droplets, even at low
oil volume percentages, which results in a material that is able to demonstrate elastic
behaviour. For each measurement technique this relationship was fitted with Equation
in which oy is the measured yield stress, oy is an offset factor (or the minimum yield

stress for the given material), ¢, is the oil volume percentage, and C' is the scaling factor.

oy = ay0 + d5y (3.2)

The resultant scaling factors for each individual method are listed in Table and
demonstrate that increasing the oil volume percentage of an emulsion has a strong affect
on the measured yield stress of the material. The scaling of each method is also found
to vary, indicating that as the structure of the emulsion changes, the method chosen to
measure the yield stress can lead to notable differences in the reported yield stress. The

fitted oscillatory methods both display a higher dependence on the oil volume percentage,

17+£2.2
oil

12424

with scaling values of =~ ¢ il obtained via

, compared to the scaling values of =~ ¢

the viscous flow methods.

While the yield stress values obtained at each oil volume percentage are similar, there is a
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Table 3.8. Yield stress values for two selected oil volume percentages as extracted from
multiple different methods

Oil volume percentage 30vol. % 40 vol. %
Low shear average of flow curve (Pa) 0.6 +0.1 9+2
Herschel-Bulkley fit of flow curve (Pa) 0.6 +£0.2 6+ 2
Bingham fit of flow curve (Pa) 0.6 £0.1 8+3
Stress-strain curve fitting (Pa) 0.20+0.17 14+£1.0
Strain sweep curve cross-over fitting (Pa) 0.4+0.3 2£15
Strain sweep curve fitting (Pa) 0.20 +0.15 1+£7
Creep experiment (Pa) 0.925+0.025 1141

separation in the yield stress values obtained by oscillatory or flow methods, while the yield
stress values from the storage/loss moduli cross-over point is exceptionally varied. When
comparing the individual methods used to extract a yield stress, the creep method gave rise
to the largest interpreted yield stress at each oil volume percentage. Comparing the flow
rheology and fitted oscillatory techniques, the fitted oscillatory methods are consistently
lower. This is demonstrated in Table [3.8] where the yield stress values for 30 vol. % and

40vol. % are compared for each method.

It is known that the shear history of a viscoelastic material, such as these emulsions,
can have an effect on the measured properties [I31]. Due to this dependence, character-
ising an accurate value of the yield stress is often a challenging process. Of the methods
utilised here, the creep experiment can be viewed as the value with the least artifacts
due to rheological shear history [14]. This is due to the step-wise nature of this measure-

vy

ment, where a single sample is used per stress measurement. This “new” sample for each
measurement removes the need to consider the shear history of the material that may be
imparted from previous applied stresses. Due to the lack of network damage that could
be caused by the shear history of a material, the values obtained for the yield stress with

these creep measurements are larger than that seen with any of the other measurement

methods utilised.

While the values obtained from a creep measurement are not affected by network damage
from the shear history, they are a cumbersome measurement, and are largely inefficient for
measuring the yield stress of a large number of samples. Due to this, the yield stress of a
material is often measured via a flow rheology method, where stress is plotted against shear

rate. This method can be carried out with either an increasing or decreasing shear rate,
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and the results of these may not always be comparable. An increasing shear rate is the
preferred method where the material shows thixotropy (which Pickering emulsions often
do), as the shear history will be less affected by an initial low rate of shear [I31]. The yield
stress that is extracted from this increasing shear experiment is known as the static yield
stress. A static yield stress is thought to be the stress required to begin flow in a material,
and will often be lower than the dynamic (the minimum stress required to maintain flow)
yield stress [I31] 133]. While this low shear rate history will have a smaller effect, it will
result in some change. This is seen in the data of Table|3.8] where the values obtained via

these flow curve methods are systematically lower than that of the creep experiments.

The other experiment type that was used to measure yield stresses for these emulsions
systems were oscillatory measurements. As these are dynamic measurements, which require
stepping through shear strains throughout the measurement, they also impart a non-zero
shear history onto the sample. There were three values extracted from these oscillatory
measurements, each of which defines the yield stress at a different unique point. The first,
and most primitive, method utilised is the cross-over point of G’ and G”. This point
is known as the characteristic modulus, and is the point at which the viscous behaviour
of the material becomes the dominant feature. While this point is easily definable, it
does occur after a significant amount of viscous dissipation has already taken place. Due
to this, defining this point as the yield stress is a flawed exercise, as the material has
already begun to flow at this point. The flow that has occurred will result in the applied
yield strain and stress that is reported being larger. The second method applied to the
oscillatory data was the fitting of the storage modulus in order to determine the inflection
point. As this inflection point is the first point at which the elastic behaviour begins
to decrease, the stress at this point can be considered to be the yield stress. The yield
stresses obtained from this inflection point was found to be smaller than that obtained via
the flow methods. This is due to the oscillatory strain that was applied to the material
being low enough to not cause significant disruption to the elastic network structure of
the emulsion system. There were additionally what appear to be other inflection points in
some of the data presented. These secondary inflection points are attributed to multistage
yielding processes, and will be investigated in later chapters. Finally, when the oscillatory
data was plotted as oscillatory stress vs. oscillatory strain, the yield stress was again
extracted by determining the inflection point in the data. The values of the yield stress
that were extracted from this method were found to be exceptionally varied at each volume

percentage. The range of these data demonstrates the variation in the viscous dissipation
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of the materials.

This chapter has reported and compared a number of methods that can be used to
measure the yield stress of Pickering emulsions. The yield stress of six emulsions with
varied oil volume percentages were evaluated and compared. It was demonstrated that the
oil volume percentage of the emulsions, unsurprisingly, had a significant affect on the yield
stresses measured. This is consistent with the formation of network structures between the

oil droplets, which become greater at higher oil volume percentages.

There were multiple methods used to measure the yield stress, and the differences be-
tween each have been compared. The creep and relaxation methods demonstrated the
largest yield stress at each oil volume percentage investigated. While the creep experiment
allows accurate measurements, it is also the most time consuming, and can be prone to
user error or sample variation over time. Flow methods that were used in this chapter were
found to be similar to one another. This is due to the similarities of the fitting equations
used to extract yield stresses from the data. Oscillatory experiments were demonstrated to
have a number of different methods to measure the yield stress of these emulsions. Com-
parisons between the oscillatory methods have been made, and it has been demonstrated

that there can be significant differences between the evaluated yield stresses.

The use of these different methods to determine the yield stress has shown that the
chosen definition of the yield stress is an important factor that must be considered. The
best definition of the yield stress is the point at which the material is no longer able
to elastically store energy, and must instead flow. When considering this definition, it
becomes clear that some of the methods used to gather the yield stresses presented in this
chapter do not fit well with this definition. The cross-over point of the G’ and G” is one of
these methods, as at this point viscous dissipation has already begun. The inflection point
of the storage modulus does, however, appear to fit well with the definition of the yield
stress. This has been described as the point at which the emulsion begins to drop in elastic
behaviour, indicating that the material has begun to flow. Flow rheology techniques are a
standard and quick method for the determination of the yield stress. Each of the methods
used to fit the flow rheology data demonstrate similar resultant yield stresses, the values
of which were higher than the corresponding oscillatory fits. While this is likely due to the
flow induced in the system, these methods still remain a common and viable method for

the determination of the yield stress in viscoelastic materials.

These emulsion systems were also imaged using a number of microscopy techniques,

demonstrating the network structure formed by emulsion droplets, while also showing the
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structure of the individual emulsion droplets, including the silica nanoparticle coating.

Another of the rheological properties of these emulsions that was studied was the vis-
cosity. It was found that the low shear viscosities of the emulsions were affected by the
changing oil volume percentage of these systems. This, along with microscopy images,
demonstrate the network structure formed between these emulsions. In comparison, the
high shear viscosities of each emulsion were similar, indicating that high shear rates break
down the network into smaller component structures.

One notable feature of the data demonstrated in Fig. was the occurrence of multi-
step yielding processes breaking down network structures present in the emulsion systems.
Other groups have proposed that these occur due to attractive interactions between col-
loidal particles[12] [13] 15, [142]. These processes will be further investigated in the next

chapter through the alteration of the interactions between the oil droplets.

93






4 Using salt to manipulate the low

behaviour of Pickering emulsions

4.1. Introduction

In the previous chapter emulsions were prepared with a silica nanoparticle coating to
investigate a range of methods for measuring the yield stress of an emulsion. The emulsions
that were prepared for this were demonstrated to have attractive interactions between the
oil droplets. The extent of attraction between the silica nanoparticles stabilising these
emulsions was modified for the work in this chapter, resulting in emulsions with differing

interactions between the oil droplets.

The work reported in this chapter demonstrates one method for modifying the interac-
tions between Pickering emulsion droplets, ranging from attractive through to repulsive.
The silica nanoparticles used to form Pickering emulsions in this study are weakly acidic
when dispersed in aqueous systems, yielding negative surface charges on the silica parti-
cles. The interactions between these silica nanoparticle-coated Pickering emulsion droplets
were modified through the addition of sodium chloride to the aqueous continuous phase.
The resultant changes in emulsion properties caused by these modified interactions were
investigated through multiple methods, including microscopy and rheology. This chap-
ter reports on the rheology of Pickering emulsions stabilised by silica nanoparticles which
have had the repulsive interactions screened through the addition of NaCl to the aqueous
phase. It was anticipated that above a given NaCl concentration the surface charge will
be sufficiently screened, so that the attractive van der Waals forces between these colloidal
particles overcome the diminished repulsive electrostatic interactions. Emulsions with this

level of salt will be referred to as being “attractive” and “high salt”, while those with a
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lower salt concentration will be referred to as “repulsive” or “low salt”. The results of these
changes in surface charge screening were demonstrated to alter the bulk physical proper-
ties of the emulsions, while also resulting in some complex flow behaviours in a number
of situations. These phenomena are discussed in this chapter, along with proposals for
their physical origins. The results presented here demonstrate progress towards under-
standing of the microscopic processes that occur as emulsions yield, and how altering the

interactions between oil droplets can influence these processes.

4.2. Experimental methods

4.2.1. Materials

The Pickering emulsions in this chapter were prepared in a similar manner to those in
Chapter [3] The emulsions were prepared as oil-in-water (o/w) emulsions with the oil phase
being comprised of a 60:40 (vol. % : vol. %) mixture of isopropyl myristate and dodecane.
This particular mixture of oils was chosen due to the isopropyl myristate adding some slight
hydrophilicity to the discontinuous phase allowing for improved wetting of the charged silica
stabiliser.

In order to alter the interactions between the emulsion droplets the ionic strength of
the aqueous phase was changed. This was carried out with the addition of concentrated
NaCl solutions. Here it is assumed that Na(Cl is an ideal, inert, and indifferent electrolyte,
resulting in the ionic strength being directly predictable from the concentration of NaCl
in the aqueous phase of the emulsion.

Synthetic fumed hydrophilic silica nanoparticles were employed as the emulsifier in these
systems, which were used after being dried in an oven at ~150°C for at least 12h. This
pretreatment was found to increase the stability of the resultant emulsions at high and low
salt concentrations (results not included). The mass loss of the silica with temperature
was investigated via thermogravimetric analysis (TGA), a technique which involves the
weighing of a sample as the temperature is increased in a controlled manner. The use of
TGA allows any mass loss from heating to be quantified, however it does not give a direct
answer as to what the lost mass is comprised of. The TGA results for the N20 silica is
demonstrated in Fig. [£.I] which shows the effect that an increased temperature has on
the mass over time. A 3.7 % mass loss was observed by 100 min after the temperature had
been held at 150 °C for over 90 min. This mass loss is attributed to evaporation of water.

Following this there is a small increase in the mass as the experiment continues (0.9 %).

96



4.2. Experimental methods

L | L | L | L | L | T 250
150
2.25
)
e —
o 100 F o)
g .
g g
o
E E
(@)
|_
50 |+
1.75
O L | L | L | L | L | T 150
0.001 0.01 0.1 1 10 100

Time (min)

Fig. 4.1 Thermogravimetric analysis of N20 silica demonstrating the mass change (red)
and temperature (black) over time as the temperature was increased at a rate

of 20°Cmin~"! up to a max temperature of 150 °C which was maintained for 12
hours.
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4. Using salt to manipulate the flow behaviour of Pickering emulsions

4.2.2. Zeta potential measurements

As has been discussed in Sections and zeta potential is an indication of the
surface charge of a particle, and therefore can be used as a measure of the interaction
between the nanoparticles. The work in this chapter reports Pickering emulsions with
differing interactions between the oil droplets coated with silica nanoparticles. The sil-
ica nanoparticles that were used here have a substantial surface coating of Si-OH groups
(silanol) which, in aqueous systems, will deprotonate to a pH dependent extent leaving
Si-O™ groups (the pKa of silanol groups have been calculated to be between 8.5 + 0.6 and
5.6 £ 0.6 dependent on the orientation of the hydrogen-bonded water [172]). While the
extent of silanol deprotonation will be pH dependent, the present study has a continuous
phase that is water with varied concentrations of NaCl, and as such would not be expected
to change between samples. The pH reported for 4 % aqueous dispersions of these silica
nanoparticles is 3.8 to 4.3, demonstrating that there is a significant amount of deprotona-
tion in aqueous media [I73]. This leaves a net negative surface charge that will lead to
a repulsive interaction between the silica nanoparticles. The effect of the surface charge
of these nanoparticles can be altered by screening the charges through changing the con-
centration of the aqueous phase electrolyte. Adding electrolyte to the aqueous phase will
reduce the Debye length, and therefore the repulsive interaction between the nanoparti-
cles. The magnitude of the effective charge of the silica nanoparticles at the slip plane can
be measured by the zeta potential.

In order to quantify what effect the addition of electrolyte has on the interactions between
of the silica nanoparticles a series of silica dispersions were prepared. The electrolyte
concentration of these dispersions was altered from 107" M (theoretical ionic strength of
Milli-Q water) through to 0.1 M NaCl. The zeta potential of these silica dispersions was
then measured multiple times (Section. The average and standard deviation of between
four and twelve reported values at each of the salt concentrations (each reported value is

the average of three measurements with up to 100 scans) are provided in Table .

4.2.3. Emulsion preparation

As was briefly outlined in Section [2.3] the emulsions for this chapter were created by
first weighing the appropriate amount of oven dried N20 silica nanoparticles into a 50 mL
centrifuge tube. The silica nanoparticles were then wet initially with the aqueous phase,
Milli-Q water, before the oil phase was added (a 60:40 mixture of isopropyl myristate and

dodecane). The mixture was then homogenised with a Miccra D-9 high-speed homogeniser
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at 39000min~"! for 2min. The initial stock emulsion was prepared with ~5wt. % silica,

and 30 vol. % oil.

4.2.4. Emulsion dilution

The initial stock emulsions were diluted with either Milli-QQ water, or NaCl solutions
(0.2M and 3M). These emulsions were diluted from an initial oil volume percentage of
30vol. %, to a final oil volume percentage of 20 vol. %. The diluted emulsions had a NaCl
concentration of either 1074 M (repulsive, low salt), 0.066 M (intermediate, only carried
out with a limited range of experiments), or 1.66 M (attractive, high salt), with each having

a silica weight percentage of 3.45 wt. %.

4.2.5. Droplet analysis

The size distribution and morphology of the droplets present in the attractive and repul-
sive Pickering emulsions were analysed by using optical microscopy and laser diffraction
techniques. Optical microscopy was carried out in dilute emulsions (/1.25 vol. %) in order
to reduce the scattering effects of multiple layers of emulsion droplets. The diluted sam-
ples were loaded onto a welled glass slide and images were captured on a Zeiss Axiophot
microscope with both 10x and 40x magnification objectives in order to highlight the var-
ious structural features. Confocal microscopy was utilised to demonstrate the distribution
of the materials throughout the emulsion samples. For confocal microscopy each emulsion
had ~9 x 10~* M Nile Blue added as a charged aqueous stain, and ~9 x 10~* M Nile Red
added as an oleophilic stain. The Nile Blue dye was excited with a 633 nm laser, with the
emission captured between 634 nm to 781 nm. The Nile Red dye was excited with a 514 nm
laser, with the emission captured between 518 nm to 627 nm. Laser diffraction was carried

out using a Mastersizer 3000 (Section [2.7).

4.2.6. Rheological measurements

One of the most important properties to characterise with these emulsions is the dif-
ference in the bulk rheology. This chapter reports and interprets these differences in the
bulk rheology. The rheological properties of these emulsions were measured within three
days of preparation in order to maintain a consistent droplet size distribution across all
measurements (see Section [3.3.1). Rheological data were collected as averages of multiple
measurements (between four and eight for each method, with the exception of the medium

salt emulsion which is presented as a single data set), with error bars calculated as a stan-
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dard deviation. Measurements for the average data presented in this section were carried
out using a 40 mm parallel plate geometry at a gap height of 400 pm on a DHR-2 rheome-
ter. These results were also compared with data obtained using a 40 mm hatched plate
geometry at a gap height of 400 pm, and a double walled couette geometry, with the results

being found to be comparable across each tool (results not shown here).

4.2.6.1. Flow measurements

Flow curve experiments were performed with an increasing shear rate from 0.1s7! to
1000s~! with 10 data points per decade, and 20s of averaging per point measured, after a

10s conditioning step.

4.2.6.2. Strain sweep

Strain sweep measurements were all performed across the strain range of 0.03% to
2852 % at a constant frequency of 1rads™!, with 10 data points measured per decade for
the high and low salt emulsions (20 per decade for the intermediate salt emulsion), and
10s averaging time per point for the high and low salt emulsions (5s for the intermediate
salt emulsion), after a 5s condition step per data point. The strain vs. stress, G’, and G”
curves were evaluated for each material. The range of strains chosen here allowed for full
coverage of the areas of interest for each emulsion measured, showing both the elastic state
of the emulsions at low strain percentages, and the viscous nature of the systems at high

strain percentage.

4.2.6.3. Frequency sweep

Frequency sweep measurements were performed at a strain percentage that was found
to be within the linear viscoelastic region from the previous strain sweep measurements.
The strain percentage used for each measurement in these experiments was 0.4 % to 1 %.
The frequency range that was used for these experiments was 0.1rads™! to 250rads™!,

with 10 data points per decade.

4.3. Results and discussion

4.3.1. Zeta potential measurements

The data presented in Table[4.1|suggests that as the NaCl concentration is increased the

zeta potential tends towards zero for these suspensions. This is consistent with changes in
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Table 4.1. Zeta potential of 0.1 wt. % silica nanoparticle dispersions as the NaCl concen-
tration is increased.

Salt Average zeta

concentrations (M) potentials (mV)

1077 25+ 7

10~ -29 + 3

1073 18 +1

1072 -12 £ 2

2.5 x 1072 9+2
5x 1072 4.5+ 3
107! 5+ 2

the screening of the silica nanoparticles surface charge, through significant reductions in
the Debye length from 300nm at 107 M NaCl to 0.96 nm when the salt concentration is
increased to 107! M NaCl. This shows that the Debye length was significantly larger than
the diameter of the silica nanoparticles at 10~ M NaCl. However, when the NaCl concen-
tration was increased to 1 x 10~' M the Debye length dropped significantly, demonstrating

that the system is likely to display attractive interactions between the silica nanoparticles.

Previous researchers have demonstrated that many colloids with an absolute zeta poten-
tial value greater than 20 mV are moderately stable, or can be classed as “repulsive” in the
nature of the interaction between particles [I74]. A colloidal dispersion with a zeta poten-
tial with an absolute value less than 20mV is deemed to be unstable, forming aggregates,

or demonstrating an “attractive” interaction between particles.

Table shows that at low NaCl concentrations (i.e. <1073 M) the zeta potential is
greater in magnitude than 20 mV, and is therefore expected to have a repulsive interaction
between the nanoparticles in the dispersion [174]. As the NaCl concentration is increased
the zeta potential becomes less negative, tending towards 0 mV, indicating that at high
salt concentrations the interaction between the nanoparticle dispersion will be expected to
be attractive. The changes in the zeta potentials with NaCl concentration gives scope to
further investigate the effects that this change in salt will have on the interactions between
emulsion droplets stabilised by this silica. Throughout the work presented in this chapter
emulsions are described as one of three salt levels; low salt 1 x 10~* M NaCl, intermediate

salt 0.066 M NaCl, and high salt 1.66 M, each giving rise to characteristic behaviours.

The interaction energies for a number of these silica suspensions at different salt concen-
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4. Using salt to manipulate the flow behaviour of Pickering emulsions

trations were calculated using DLVO analysis. This is for silica particles alone dispersed
in an aqueous continuous phase. The interactions of silica-coated oil droplets in aqueous
continuous phase has not been considered here. DLVO analysis involved the calculation of
both the attractive, and repulsive interactions between pairs of silica nanoparticles. The
DLVO equations used in this chapter assume the two interacting bodies to be identical
spherical particles. The silica particles used in this chapter are not spherical particles,
but instead are fractal agglomerations of smaller spherical particles. However, for the
DLVO calculations these fractal silica particles are assumed to be spherical with a radius

of 125 nm. The repulsive interaction, as a function of separation, ¢r(D), were calculated

by Equations and [23, 24 [48], 57].

B 327r650ak:]23T272

¢r(D) = exp(—rD) (L.2)

€222

exp(5pif) — 1
exp(5if) + 1

[\

S

(L.3)

I\

In these equations € and gqg are the relative dielectric constant, and the dielectric constant
of a vacuum respectively, while a, kg, T', e, and z are the particle radii, Boltzmann constant,
absolute temperature, the charge of an electron, and the valence of the ions respectively. &
and D are the inverse double layer thickness and the interparticle separation respectively,
and ~ is described in Equation where @4 is the potential energy at the Stern layer
(taken as the zeta potential in this work). The salt concentrations of the suspension (c) is
accounted for as a component of the x term along with R as the gas constant, and F' as

the Faraday constant, as described by Equation

1 eeoRT
TV e 1032 (L4

The attractive interaction as a function of distance between two spheres (¢4(D)) is

described by Equation [58].

H a? a? 1 4a?
oa(D) =5 [D(Zla—l—D) TRarDeE " ke (1 - (2a+D)2>] (L-3)

In this equation H is the Hamaker constant for the given material. The Hamaker

constant used for the fumed silica nanoparticles was taken to be 6.3 x 10721 J [57]. The
repulsive and attractive components can be summed, resulting in the total interaction at

a given particle separation (Equation [1.6)).
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¢1(D) = ¢r(D) + ¢pa(D) (L.6)

These calculations were carried out for silica suspensions across a range of salt con-
centrations, and the results are demonstrated in Fig. These plots demonstrate the
screening effect that the addition of salt is predicted to have on the repulsive interactions
between the silica particles. At low salt concentrations (<10 x 1073 M) the repulsive in-
teraction is the dominant force across most separation distances with a primary peaks of
~75k T, =90k T and =25k g T at a separation distances of 7.9nm, 2.2nm and 2.1 nm
for 1 x 1077 M, 1 x 107*M and 1 x 1073 M NaCl concentrations respectively. This re-
sults in particles that are repulsive to one another. As the salt concentration is increased,
the repulsive interaction between the silica particles decreases, leaving the attractive forces
as the dominant feature over all interparticle distances, with no primary repulsive peak
evident in the 0.1 M NaCl dispersion. There is a small primary peak of =2k g T at a sepa-
ration distance of 2.4nm in the 1 x 1072 M NaCl dispersion, however this is not sufficient
to provide a repulsive interaction between the nanoparticles. The dominant attractive
force across these high salt systems will result in the aggregation of the silica particles,
and the formation of an attractive network. In both the low and high salt calculations it
is calculated that there is a strong attractive interaction at small particle separation dis-
tances. This attractive interaction is demonstrated macroscopically as the sedimentation
of the particles over time. Each suspension demonstrated some degree of sedimentation
over time, suggesting that the particles do progressively aggregate.

It is important to note that these calculations are an incomplete view of the interactions
that are between the particles in the silica suspensions. There have been assumptions made
about the particle size, shape, and charge distribution, while other interacting forces such
as hydration, and any strong ion pairing interactions between the sodium ions and the
silica surfaces are not considered. Additionally, when these particles are used to stabilise
emulsions, the particles will become fixed at the interface. This will result in changes to
the interaction energy due to the partial wetting of the silica by each liquid. As such,
the resultant figures are only a guide as to the interactions between these fumed silica

suspensions.

4.3.2. Emulsion microstructure

Laser diffraction analysis of these emulsions shows a slight difference between the size

distributions of the high and low salt emulsions. This is demonstrated in Fig. where the
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. 4.2 Potential energy curves of the interaction between two spherical particles at a
range of salt concentrations, each of which has a different zeta potential. (a)
107" M NaCl, 25mV, primary peak: ~75k T at 7.9nm (b) 0.0001 M NaCl,
29mV, primary peak: ~90k g7 at 2.2nm (c) 0.001 M NaCl, 18 mV, primary
peak: ~25kpT at 2.1nm (d) 0.01M NaCl, 12mV primary peak: ~2kpT at
2.4nm (e) 0.1 M NaCl, 5mV. (e, 78.54, a, 125nm, T, 298.15K, A, 6.3 x 10721 J,
K, 3.29 x 10" nm™1).
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Fig. 4.3 Size distribution of 20vol. % oil-in-water Pickering emulsions stabilised by
3.45 wt. % of silica nanoparticles at high salt (1.66 M, black, D [4,3], Dy (10), Dy
(50), Dy (90): 36.3nm, 17.9um, 34.3 pm and 58.9 pm, uniformity, span: 0.382,
1.196) and low salt concentration (1 x 1074 M, red, D [4,3], Dy (10), Dy (50), Dy
(90): 31.7 pm, 18.0 pm, 29.8 um and 48.4 um, uniformity, span: 0.373, 1.153) as
measured by laser diffraction.

average size distributions of a set of attractive and repulsive emulsions are shown. Figure
[.3] shows a largely monomodal size distribution at ~34 pm and ~30 pm for the attractive
and repulsive emulsions respectively. The numerical analysis of this data is listed in Table

and provides evidence that the size distributions of each emulsion are similar.

Light microscopy of both high, medium, and low salt emulsions show a marked difference
in the bulk structure of the samples. Low magnification images of these low, medium, and
high salt emulsion are displayed in Fig. .4l Figure demonstrates the differences in
the network structure of the three emulsion systems, with the low salt (Fig. showing
a number of well separated oil droplets, with no significant contact between each droplet.
The medium salt image (Fig. demonstrates a number of individual droplets (or
small flocs), alongside a large network of droplets. This shows the intermediate structure
of the medium salt emulsion, sharing some the of features from both the high and low salt

systems. The image for the high salt emulsion (Fig. [4.4c]) has a considerably larger number
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4. Using salt to manipulate the flow behaviour of Pickering emulsions

Table 4.2. Droplet size analysis of high (1.66 M) and low (1 x 10~ M) salt 20 vol. % oil-
in-water Pickering emulsions stabilised by 3.45wt. % of silica nanoparticles
demonstrating the similarities between the two emulsion preparations.

D [4,3] Dy (10) Dy (50) Dy (90)

Salt Uniformity Span
nm pm nm pm

Low 31.7 18.0 29.8 484 0.373 1.153

High  36.3 17.9 34.3 58.9 0.382 1.196

of droplets forming groups or flocs, consistent with the attractive interaction between the
oil droplets, leading to formation of a network structure.

When the groups of droplets are imaged at a higher magnification, the differences be-
tween the droplet interactions are further evident (Fig. . Figure shows the low salt
emulsion with limited contact between oil droplets. When comparing the high salt emul-
sion, the network structures between the oil droplets become more evident, with droplets
overlapping both in and out of the focal plane of this image (Fig. .

Confocal microscopy allows imaging of only a single focal plane through a material. This
allows the core and shell of the emulsion droplets to be clearly imaged with limited inter-
ference from other focal planes. The use of fluorescent dyes demonstrates the separation
of the oil, and aqueous phase, provides further evidence that an oil-in-water emulsion, sta-
bilised with a particle shell has been formed. This is demonstrated in Fig .6 where the
oil phase of the emulsion is coloured red, and the silica in the aqueous phase is coloured
blue.

Figure demonstrates the distribution of Nile Blue and Red in the low salt Pickering
emulsion systems. The Nile Red dye is located in the spherical oil droplets, and is evenly
distributed throughout these drops. In comparison the Nile Blue dye is located outside
these spherical droplets, in shells surrounding each oil droplet, and in a relatively homo-
geneous network throughout the aqueous phase. This demonstrates that the silica present
in the aqueous phase is located both at the interface between the oil and water (acting as
a Pickering stabiliser, stabilising the emulsion), with the remaining silica residing in the
bulk aqueous phase.

When Fig. is considered a similar image was captured. The Nile Red is again
located inside the spherical oil droplets, and is homogeneous in its distribution inside said
droplets. The Nile Blue is again located in the aqueous phase, with dense shells forming
around each oil droplet, and the remaining silica distributed throughout the aqueous phase.

However, comparing the confocal micrographs for the low and high salt, there do appear
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Fig. 4.4 Optical micrograph (10x objective) of &1.25 vol. % oil-in-water Pickering emul-
sions stabilised by 3.45 wt. % of silica nanoparticles demonstrating the morphol-
ogy of (a) low salt (1 x 1074 M), (b) medium salt (0.066 M), and (c) high salt
(1.66 M) emulsion systems. The morphology of the droplets is spherical in all
cases, while there is a noticeable difference in the network structure present.

Fig. 4.5 Optical micrograph (40x objective) of ~1.25 vol. % oil-in-water Pickering emul-
sions stabilised by ~1.66 wt. % of silica nanoparticles demonstrating the mor-
phology of both a (a) low salt (1 x 10~ M), and (b) high salt (1.66 M) emulsion
systems. The morphology of the droplets is spherical in both cases, while there
is a noticeable difference in the network structure present.
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(a) (b)

20 pm 20 pm
| |

Fig. 4.6 Confocal micrograph of 20vol. % oil-in-water Pickering emulsions stabilised by
3.45wt. % of silica nanoparticles demonstrating the morphology and material
distribution of both a (a) low salt (1 x 10~ M) and (b) high salt (1.66 M) emul-

sion systems.

to be some subtle differences. The low salt image (Fig. appears to have a more
homogeneous distribution of the silica in the aqueous phase, shown by the finer pattern of
dye distributed throughout the aqueous phase. The high salt image (Fig. 4.6b|) appears
to have an increase in the coarseness of the silica distributed throughout the aqueous
phase, consistent with silica flocs throughout that phase, an expected occurrence due to

the attractive nature of the interactions between the silica particles.

4.3.3. Rheological measurements

Previous techniques used to analyse these emulsions have demonstrated that the size,
and shape of the emulsion droplets are similar, however, there appears to be differences
in the network structures formed between the droplets. The differences in the network

structure between these emulsions was then investigated using rheological techniques.

4.3.3.1. Viscous flow rheology

Viscosity is routinely used to describe the bulk features of viscoelastic materials. As
discussed in Section [I.5.4.1] viscosity is a measure of how resistant a given material is to
flow. The method employed to analyse the viscosity in this work is a viscous flow curve.
Such curves report the viscosity as the shear rate applied to a fluid is increased. The effect

that this increase in shear rate has on the viscosity of the two emulsions is demonstrated
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Fig. 4.7 Viscosity response to an increasing shear rate of 20 vol. % oil-in-water Pickering
emulsions stabilised with 3.45wt. % of silica nanoparticles at low (1 x 107% M,
e) and high salt (1.66 M, e). Shaded areas indicate the variation in multiple
measurements of these emulsion systems.

in Fig. This figure shows that both the high, and low salt emulsions exhibit shear
thinning behaviour, becoming less viscous as the shear rate increases. At lower shear rates
(0.1s71), the viscosities of the two emulsions are substantially different, with the high salt
emulsion having a viscosity that is about three orders of magnitude larger than that of the
low salt emulsion. This is detailed in Table , which lists the low shear (0.1s71) viscosity
of both the high and low salt emulsions, alongside calculated zero shear viscosities based
on the constituents of the emulsions (Section [1.5.4.1). In addition to the two extremes
of the salt concentration, the viscosity response of the medium salt emulsion was also
investigated. This medium salt system was found to be similar to the low salt system,
indicating that the structure that is present between the intermediate strength silica and
emulsion network is similar to that for the low salt emulsions. The data from the medium

salt emulsion is not displayed in Fig. for clarity.

This difference between the low shear viscosities of the high and low salt emulsions was

expected due to the difference in interactions between the emulsion droplets. The high
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Table 4.3. Zero shear calculated viscosities from a selection of models and a comparison to
the measured low shear (0.1s71) viscosities of the repulsive low (1 x 1074 M)
and attractive high salt (1.66 M) 20vol. % oil-in-water 3.45wt. % silica sta-
bilised Pickering emulsions presented in this work.

Oil volume Einstein model Batchelor model Kreiger-Dougherty —Attractive emulsion Repulsive emulsion

percentage viscosity viscosity model viscosity measured viscosity — measured viscosity
(vol. %) (Pas) (Pas) (Pas) (Pas) (Pas)
20% 1.3 x 1073 1.6 x 1073 1.6 x 1073 150 = 60 0.20 £0.17

salt emulsion is expected to have an attractive interaction between the oil droplets. This
attractive interaction is anticipated to lead to an increase in the friction between the emul-
sion droplets, resulting in the measured low shear viscosity of the high salt emulsion being
much larger than if there was no attractive interaction between the droplets. The calcu-
lated zero shear viscosities also shown in Table demonstrate the predicted viscosities
based on non-interacting hard spheres. This lack of interaction between the model parti-
cles leads to low shear viscosities that are far smaller than both the high salt and low salt
emulsions.

Another feature of the data demonstrated in Fig. is the viscosity at high shear
rates (1000s~!) for each emulsion. While the low shear viscosities of each emulsion differ
by about three orders of magnitude, the high shear viscosities differ by only a factor of
two, with the low salt emulsion having a high shear viscosity of 0.005 + 0.003 Pa s, while
the high salt emulsions high shear viscosity is 0.010 & 0.005Pas. This decrease in the
difference between the viscosities at high shear rates can be accounted for by the changes
in the emulsion structure as the shear rate is increased. At low shear rates the emulsions
have different network structures (as shown in Fig. [£.5). The extensive network structure
that is present in the high salt emulsion leads to an increased viscosity. As the applied shear
is increased, this network structure will begin to break down, leading to a less extensive
attractive network of droplets. This weakened network will begin to resemble that present
in low salt emulsions, where there are relatively few flocs of oil droplets present (as shown
in Fig. . As the microscopic droplet structures become similar at high shear rates, the
measured viscosities will also become similar and approach those predicted by each of the
models presented.

While monitoring the viscosity of the emulsions as the shear rate was increased, the shear
stress was also monitored within the same experiment. The response of the shear stress
to this change in shear rate is displayed in Fig. demonstrates the differences between

the shear stress response of the high and low salt emulsions (medium salt is not shown for
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Fig. 4.8 Shear rate vs. stress for 20vol. % oil-in-water Pickering emulsion stabilised by
3.45wt. % silica at low (1 x 107 M, e) and high salt (1.66 M, e). Shaded areas
indicate the variation in multiple measurements of these emulsion systems.

clarity, and was found to behave in a similar manner to that of the low salt emulsion).

It is clear from the data presented that there is a significant difference in the stress
response of the high and low salt emulsions. Initially the stress response of the high salt
emulsion is insensitive to an increasing shear, until there is a notable decrease in the stress
at about 257!, At higher shear rates the measured stress begins to increase with the shear
rate. This behaviour is indicative of anomalous flow regimes (shear banding), and has been
described by other workers [133] 1411 [I75HI82]. In these previous reports anomalous flow
was described as a transition from a solid-like network structure throughout the material
to smaller flocs or sheets of 2-D networks. These move within the sample, lowering the
stress and viscosity measured during this transition. Once this transition has completed,
the stress begins to increase with shear rate as the break-up of the flocs occurs, leaving
the primary network components. Figure demonstrates a schematic diagram depicting
the multiple stage yielding that is proposed to occur within these materials with attractive
network structure. Multiple stage yielding has been demonstrated in a range of materials

including particle suspensions [12), [I3], surfactant stabilised emulsions [142], and silica
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4. Using salt to manipulate the flow behaviour of Pickering emulsions

(a)

Fig. 4.9 Schematic diagram demonstrating the multi-stage yielding processes that occur

112

in emulsions with attractive interactions between the oil droplets (red circles)
and silica nanoparticles (collections of black dots). Arrows indicate the shear
applied to the sample. Silica particles and oil droplets are not drawn to scale
in this diagram. (a) Unyielded emulsion with a network structure formed. (b)
Flocs of oil droplets demonstrating the first yielding step that attractive colloidal
materials can display, with a limited network between the silica nanoparticles.
(c¢) Fully yielded emulsion demonstrating droplets with no network structure
present.



4.3. Results and discussion

stabilised Pickering emulsions [§] when measured through oscillatory rheology. To the best
of our knowledge, this is the first demonstration of this decrease in the stress response with

an oil-in-water Pickering emulsion.

The stress response that is present in the high salt data appears to demonstrate this
multiple stage yielding behaviour that has been seen in previous materials. The high salt
emulsion displays attractive interactions between the emulsion droplets. This attractive
interaction is assumed here to lead to the formation of an elastic network structure. The
network of attractive emulsion droplets in turn leads to the emulsion structure behaving
in a solid like manner at low applied stresses, in that it does not flow, but instead stores
some of the applied energy in an elastic manner. As the stress increases, the attractive
network structure begins to no longer to be able to store the applied energy, and begins
to fracture into smaller flocs. This is apparent with the decrease in the measured stress.
As the applied shear rate continues to rise, the measured stress begins to increase. This
increase in the stress appears to fit the typical behaviour for shear thinning materials that
approach Newtonian-like properties at sufficiently high shear rates. This again supports
the proposition that the flocs remaining in the system are beginning to yield, breaking into
smaller groups of droplets. At high shear rates, the measured stress approaches that of
the low salt emulsion, suggestive of both materials being comprised of similar structures at
high shear rates. This indicates that droplet network structures comprising each emulsion
have been broken down into similar sized components (e.g. individual or small groups of

network elements).

In comparison to this, the stress response of the medium, and low salt emulsion shows
a marked increase in the measured stress, from a low value, as the shear rate is increased.
This increasing stress is typical stress—shear rate behaviour of a shear thinning fluid that
approaches Newtonian-like behaviour as the applied shear increases and the component
emulsion droplets begin to move independently of one another. This typical behaviour can

be fitted with a number of models in order to extract the yield stress parameter as shown
in Fig. @.10]

The yield stress parameter was discussed in Chapter [3| and is the force that is required
to make the material begin to yield and flow. A yield stress was extracted from both
the low, medium, and high salt emulsion samples. As the high salt emulsion displayed
relatively linear behaviour, only an average was fitted to the data, leaving the fitting of
models for the low salt emulsion. Three different methods are used to extract a yield stress

from the low salt emulsion, with the low shear average, a Bingham [102] (Equation (1.19)),

113



4. Using salt to manipulate the flow behaviour of Pickering emulsions

and a Herschel-Bulkley fit [I01] (Equation |1.20]).

The data in Fig. demonstrates that both the medium and low salt emulsions
show similar yield stresses for each emulsion (medium salt: 0.03 Pa when fitted with both
Herschel-Bulkley and Bingham models, low salt: 0.03 £ 0.02 Pa when fitted with both a low
shear average and Herschel-Bulkley model, 0.04 £ 0.02 Pa when fitted with the Bingham
model). This was an unexpected result, as the medium salt emulsion was expected to
show a yield stress that was between the high and low salt emulsions. The similarity
demonstrates that the network formed between the groups of droplets in each of these
emulsions is a relatively weak structure. Surprisingly, the medium salt remains at this
yield stress over a large shear rate range, giving an indication that the yielding process
for the medium salt emulsion is a more complex process when compared to the low salt

system.

The high salt system however, displays an attractive network formed between the oil
droplets that is extensive, and robust. This attractive network results in a high viscosity
system, that demonstrates interesting stress response behaviours. The fitting of a yield
stress curve to the high salt emulsion is a somewhat more challenging proposition. As
is displayed in Fig. two different averages were applied to the high salt data. The
first of these was taken across the full range of the data presented, and was calculated as
an average. This average of the full curve gave a yield stress of 8 = 4Pa. In addition to
this, the stress response below 1s~! was also averaged separately. This data was fitted
independently of the full data due to the decrease in the stress response after this point.
As the reasons for this decrease in the stress response has been proposed in this work as
being due to the breakdown of the network structure of the emulsion, fitting this initial
section will give a yield stress that corresponds to the full network of the material. The

yield stress attributed to this section was 15 4 6 Pa.

Comparing these values with those of the low and medium salt emulsions, the high salt
emulsion shows an increased yield stress. These differences between the yield stress values
of these emulsions is consistent with the proposed changes in the network structures of the
emulsions. At low salt levels the network structure formed between the emulsion droplets
is expected to be weak. This weakness will lead to emulsion systems that are able to yield

and flow with the application of a small stress.

Optical microscopy of the medium salt emulsion demonstrated the intermediate struc-
tures present in the emulsion system (Fig. 4.4b)) as evidenced by network structure present

between a number of droplets, while a number of individual droplets were found to still be
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Fig. 410 Shear rate vs. stress for 20 vol. % oil-in-water Pickering emulsions stabilised by
3.45 wt. % silica at low salt (1 x 1074 M, e), intermediate salt (0.066 M, o), and
high salt (1.66 M, e). Lines demonstrate the fittings of these data with each
of the applied models. With the high salt emulsion, the solid black line is the
average over the full data range (8 & 4Pa), while the dashed black line is an
average below a shear rate of 1s~! (15 + 6 Pa). With the medium and low salt
emulsions, the solid blue and red lines are the Herschel-Bulkley model (medium
salt, 0.03 Pa; low salt, 0.03 + 0.02 Pa), while the dashed blue and red lines are
the Bingham model fittings (medium salt, 0.03 Pa; low salt, 0.04 & 0.02 Pa).
The medium and low salt emulsions were also fitted with averages to the low
shear plateau (not shown here) (medium salt, 0.04 Pa; low salt, 0.03 + 0.02 Pa).
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4. Using salt to manipulate the flow behaviour of Pickering emulsions

separate from the network structures. These changes point to a structure containing flocs
of droplets that do not form a strong cohesive network throughout the full emulsion sam-
ple. These changes were demonstrated in the stress response for the medium salt emulsion,
with the lack of a network throughout the emulsion leading to a low yield stress, while the
attractive flocs result in the yielding process occurring over a larger shear rate range as
the flocs break-down. Contrasting these with the high salt emulsion, the measured yield
stresses are greater, indicating that there is significant network structure formed between

the oil droplets. This network affords the emulsion an increase in solid-like behaviour.

4.3.3.2. Amplitude analysis

Oscillatory rheology is used in this chapter to give insight into, and demonstrate the
differences between, the elastic properties of the emulsion systems. The first demonstra-
tion of the elastic properties of these emulsions was the strain sweep experiment. This
experiment measured the storage and loss moduli as the oscillation strain was increased,
allowing the elastic properties of the material to be investigated. The results of this exper-
iment are shown in Fig. and demonstrates the stark differences between the elastic
properties of the high and low salt Pickering emulsions, while also demonstrating the novel
intermediate behaviours in some medium salt emulsions. Again, the high salt emulsion ex-
hibits much greater structural properties when compared to the low salt emulsion. This
is best indicated by the differences in the first displayed values of the storage moduli of
the linear viscoelastic region of each emulsion. The high salt emulsion has a storage mod-
ulus that is =100 Pa, compared to ~0.004 Pa for the low salt emulsion. This difference is
again consistent with the difference between the proposed network structures formed by
the two emulsions. In addition to the differences between the two extremes, the medium
salt emulsion shows elastic properties that lay between the high and low salt systems with
the initial storage modulus of ~0.9 Pa.

The high salt emulsion data shown in Fig. is indicative of typical viscoelastic
behaviour [I83][184]. At low strain percentages the high salt emulsion data shows a storage
modulus that is insensitive to an increasing oscillation strain. This is known as the linear
viscoelastic region, and demonstrates the region in which the materials properties are
elastic-like [I03]. As the strain is increased through this linear viscoelastic region the loss
modulus of the high salt emulsion increases to a peak approaching the storage modulus. As
the strain is increased further, the storage modulus begins to decrease, intersecting the also

decreasing loss modulus. There are key points in this plot, each of which can be used to
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Fig. 4.11 Response of the elastic storage modulus (filled symbols) and the viscous loss

modulus (unfilled symbols) of 20vol. % oil-in-water Pickering emulsions sta-
bilised by 3.45wt. % silica low (1 x 107% M, e), medium (0.066 M, e), and high
(1.66 M, o) salt to changes in the applied oscillatory strain at a constant os-
cillation frequency (1rads~!). Shaded areas indicate the variation in multiple
measurements of these emulsion systems.
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4. Using salt to manipulate the flow behaviour of Pickering emulsions

describe properties of the material. The first key point is the end of the linear viscoelastic
region, where the solid-like behaviour of the material begins to decrease. This point
can be identified by fitting an average to the linear viscoelastic region, and a power law
curve to the decreasing slope, as illustrated in Fig. Following this, the intersection
between the storage and loss moduli is the point at which the liquid-like behaviour of
the material becomes the dominant property, and the material is able to readily flow.
Each of these points can be considered to be classed as the yield stress (as discussed in
Chapter [3), and the values extracted from each of these methods are demonstrated in Table
M.4] showing that the yield stresses obtained using these oscillatory methods are larger than
that measured from the flow curves shown earlier (Fig. [£.10). One further notable feature
of this high salt data is the broad nature of the loss modulus peak. The width of this peak
is an indication that the peak may be comprised of multiple different yielding events that

occur at similar strain percentages.

Some interesting behaviour is found for the medium salt emulsion. In comparison to the
high salt system which demonstrates a single power law decrease in the storage modulus
during the shear thinning phase, the medium salt system shows a clear deviation at about
10 % strain. This deviation indicates that multiple yielding events occur within this oil-
in-water Pickering emulsion system that have attractive interactions between the emulsion
droplets. In addition to being present in the storage modulus, this behaviour is found, to
some extent, in the loss modulus of the medium salt system. Due to these indications of
multiple yielding steps, the data was fitted to extract each of the two yield stresses present.
The first yield stress was extracted as the inflection point between the linear viscoelastic
region and the first decrease, while the second yield stress was taken as the inflection point
between the final decrease in the storage modulus and the medium strain plateau. In
addition to these two points, the cross over between the storage and loss moduli was also

measured, and displayed with all of the yield stress data in Table

When the data from the high and medium salt emulsions are compared with that for
the low salt system, it is clear that there are significant differences. In comparison to the
higher salt systems, which shows a linear viscoelastic region at low strain, the low salt
emulsion shows no such behaviour. Instead, the low salt emulsion demonstrates storage
and loss moduli which are almost equal at low strain. As the strain is increased the storage
modulus decreases while the loss modulus stays relatively constant, leading to a cross-over
point. The behaviour of this low salt emulsion demonstrates that this emulsion is unable

to store any significant amount of energy in an elastic manner. This behaviour is not
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Fig. 4.12 Response of the elastic storage modulus (filled) and the viscous loss modulus

(unfilled) of 20 vol. % oil-in-water Pickering emulsions stabilised by 3.45 wt. %
silica at low (1 x 1074 M, e), medium (0.066 M, e), and high (1.66 M, e) salt
to changes in the applied oscillatory strain at a constant oscillation frequency
(1rads™!). Solid lines are fitted to the storage modulus, while dashed lines
are fitted to the loss modulus. Circles highlight the cross-over points at which
G’ = G”, one measure of the yield strain, from which a yield stress can be found
(low salt: yield strain, 20 + 60 %; yield stress, 0.01 & 0.01 Pa; medium salt: yield
strain, 160 %; yield stress, 0.01 Pa; high salt: yield strain, 270 + 100 %; yield
stress, 14 + 10 Pa). The inflection point of the high salt storage modulus are
indicated with 8} (yield strain, 20 4+ 20 %; yield stress, 13 + 10 Pa), while the
two inflection points of the medium salt emulsions are labeled 31, (yield strain,
1.8 %; yield stress, 0.02Pa), and 2%, (yield strain, 46.4 %; yield stress, 0.03 Pa).
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4. Using salt to manipulate the flow behaviour of Pickering emulsions

unexpected, as the repulsive interactions between the emulsion particles do not enable the
formation of a coherent network structure throughout the bulk material. The lack of a
full network throughout the emulsion leads to a material that has significant liquid-like
properties, resulting in a material that dissipates energy in a viscous manner. Due to the
lack of a linear viscoelastic region, fitting of the storage modulus above and below the
inflection point cannot be carried out for this data. The yield stress obtained from the

cross—over point is displayed in Table and is found to be similar to that measured with
the flow curve (Fig. [£.8).
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Table 4.4. Yield stress values obtained from the strain sweep measurements of high and low salt silica stabilised Pickering emulsions.

Cross over of Cross over of B By B% B%
Emulsion type, X G’ and G” as G’ and G” as a  as a strain percentage as a yield stress as a strain percentage as a yield stress
a strain percentage (%) yield stress (Pa) (%) (Pa) (%) (Pa)
High (H) 270 £+ 100 14+ 10 20+ 20 13 +£10 - -
Medium (M) 160 0.01 1.8 0.02 46.4 0.03
Low (L) 20 + 60 0.01 £+ 0.01 - - - -
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4. Using salt to manipulate the flow behaviour of Pickering emulsions

The power law fitting parameters that were applied to the decreases in both the storage
and loss moduli can also be compared with each other, giving some more information about
these emulsion systems. As was discussed in Section [3.3.3] it has been proposed that the
shear thinning behaviour in the G” will result in a power law where the G” exponent (n)
is about one half of the exponent associated with G'(m) [166-169]. The coefficients of
the power laws for each emulsion are shown in Table The ratios displayed in Table
[M.5] are in near agreement with this assertion for most of the data. When the high salt
emulsions are considered, the n/m ratio is found to be 0.62. As the high salt emulsion has
been demonstrated to have attractive interactions between the oil droplets, it is proposed
here that this attractive interaction results in the slopes of the storage and loss moduli
decreasing with strain at a similar rate. This is due to the breakdown of the network

between the emulsion droplets requiring a higher applied strain to break the flocs.

As the medium salt emulsion demonstrated two yield events, there were two coefficients
used to fit each of the shear thinning sections of the storage modulus. The first decrease
in the storage modulus was fitted with a power law with a coefficient of G’ oc v~1'6, higher
than that found with the high or low salt emulsions, indicating that the yielding process
here was different to that occurring in the other systems. The second decrease was fitted

1.2 similar to that for the high salt emulsion. This is an

with a power law of G/ oc v~
indication that the yielding processes that occur in this second step, and the high salt

emulsion are similar.

When compared with the low salt data, which has been demonstrated to have repulsive
interactions between the oil droplets, it is clear that there is a significant difference in the
ratio of slopes. In the low salt emulsion, the shear—thinning behaviour of the loss modulus
is very negligible (as demonstrated by the near horizontal shape to the loss modulus curve),
while the storage modulus decreases with shear rate. This demonstrates the rapid break
down of the weak repulsive network structures that have been found to be present in the

low salt emulsion system.

While also monitoring the storage and loss moduli response to an increasing strain, the
corresponding oscillatory stress was also measured for both the high, medium, and low
salt emulsions. The data from this stress vs. strain experiment is displayed in Fig. [4.13]
Once again there are notable difference between the data for the high, medium, and low

salt emulsions.

The high salt data shows behaviour that is typical for viscoelastic materials, with a

power law increase in the measured stress as the oscillation strain increases at low strain
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Power coefficients for the fits of the storage and loss moduli of high and low
salt emulsions. Power law fittings were applied to the shear thinning section
of the curves.

Salt Level Coefficient value Ratio
l —1.3£0.3
High Gy n/m = 0.62
Q" x 7—0.8i0.2
First inflection, G’ oc y716  n/m = 0.44
Medium Second inflection, G’ oc v~ 12 n/m = 0.58
Q" x 7—0.7
/ —0.440.1
Low Gocy n/m = 0.25

G// o ,Y—O.l:i:O.l

10° 10’
Oscillation strain (%)

102 10°

Responses of oscillatory stress to an increasing oscillatory strain for 20 vol. %
oil-in-water Pickering emulsions stabilised by 3.45 wt. % silica at high, (1.66 M,
e), medium (0.066 M, o), and low salt (1 x 107#M, e) concentrations. Shaded
areas indicate the variation in multiple measurements of these emulsion systems.

123



4. Using salt to manipulate the flow behaviour of Pickering emulsions

Table 4.6. Yield strain and yield stress values obtained from stress — strain measurements
of high (1.66 M), medium (0.066 M), and low salt (1 x 104 M) 20 vol. % oil-
in-water Pickering emulsions stabilised by 3.45 wt. % silica.

Bx Bx 5% 5%
Salt level, X ) .
as a straln percentage as a stress as a strain percentage as a stress
(%) (Pa) (%) (Pa)
High (H) 17+5 15+ 10 - -
Medium (M) 2 0.03 50 0.03

Low (L) - - - B

percentages. An inflection point is then reached where this power law behaviour ceases,
and the measured stress becomes relatively ingensitive to any further increase in the applied
strain percentage across the range applied. This inflection point is an important feature
that can be used to describe the yield stress of the material. The inflection point of the
high salt data was found by fitting a power law to the low strain section, and an average to
the high strain section. The intersection of these two fits marks the yield stress and yield
strain of the material. The resultant values are shown in Table [£.6] The exponent of the
power law at low strain percentages was found to be v%97. The curves which were fitted

to the data are shown in Fig.

The medium salt emulsion again shows non-standard behaviour, with one main inflection
point, followed by a secondary peak. Power laws were fit to multiple sections of the curve to
describe each of these inflection points as the yield stresses apparent in these intermediate
strength emulsions. The inflection points, 3}, and 6]2\/[, found from these fittings are shown
in Table The exponents of the power law fitted at the low strain percentage was y'!,

while at intermediate strains before the second yield event was %46,

When the data for the low salt emulsion is considered the behaviour displays a substantial
difference. The low salt data lacks any notable inflection point, indicating that there is no
significant structural change in the emulsion as the strain percentage is increased. This is
likely due to the material yielding at a very low strain, with the behaviour demonstrated
here likely being the strain hardening region of the curve [I85HI87]. The strain hardening
region of these curves will show an exponential increase in the measured stress until the
material fractures, at which stage the stress will decrease rapidly. In this repulsive emulsion
as the applied strain is increased the oil droplets will become increasingly interlocked. This

will result in a hardening of the material at short time scales.
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Fig. 4.14 Fitted responses of oscillatory stress to an increasing oscillatory strain for
20 vol. % oil-in-water Pickering emulsions stabilised by 3.45 wt. % silica at high
(1.66 M, o), medium (0.066 M, @), and low salt (1 x 10~% M, e) concentrations.
Lines indicate the fittings that were applied to each data, with B}{ (15 £ 10Pa)
pointing to the inflection point in the high salt emulsion, 83, (0.03Pa) and 332,
(0.03Pa) mark the two inflection points seen in the medium salt data.

125



4. Using salt to manipulate the flow behaviour of Pickering emulsions

1035'I v oo TR v coon R v oo R

—_
o
N

—_ —
(@] o
[=) —

Storage/Loss modulus (Pa)
S

102 |

® Storage Modulus
O Loss Modulus

10-3-.1 N P R R A | N P T T R A | s MR e |
107 10° 10! 102

Angular frequency (rad/s)

Fig. 4.15 Response of the elastic storage modulus (filled) and the viscous loss modulus
(unfilled) of 20 vol. % oil-in-water Pickering emulsions stabilised by 3.45wt. %
silica at high (1.66 M, e), medium (0.066 M, ), and low salt (1 x 107* M, e)
to an increasing oscillation frequency at a oscillatory strain of 0.4 % to 1%.
Shaded areas indicate the variation in multiple measurements of these emulsion
systems.

4.3.3.3. Frequency analysis

Section demonstrated the elastic response of these emulsions to a varied strain
percentage at a set oscillatory frequency. This section probes the elastic behaviour of
a varied oscillatory frequency at strain percentages between 0.4% and 1%. The strain
percentage chosen for these measurements was selected as a value in the linear viscoelastic
region of each emulsion. This allowed the elastic behaviour of the material to be probed
as a function of the applied frequency. The response of the storage and loss modulus to

the increasing frequency is demonstrated in Fig. [4.15

This figure shows both the high, medium, and low salt storage and loss moduli responses
to an increasing frequency, and again show a significant difference between the data mea-
sured for the low, intermediate, and high salt emulsions. When the high salt data is

considered, there is a difference between the storage and loss modulus by over an order of
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magnitude. This demonstrates the solid-like elastic behaviour of the high salt emulsion.
The high salt emulsion also shows remarkably little change in the storage and loss mod-
uli across the range of frequencies probed, indicating that the system is able to store the
applied energy in an elastic manner within the attractive network formed between the oil
droplets [188].

The medium salt emulsion data shows significant elastic behaviour at low frequencies.
This is demonstrated by the storage modulus being nearly one order of magnitude larger
than that of the loss modulus. Another feature of this curve is the power law increase
in both the storage and loss moduli as the angular frequency of the applied oscillation
increases. This feature is known as a glassy transition, that indicates that the system is
no longer able to dissipate the applied energy in a viscous manner at the short time scales
of the oscillations [I03]. This is observed as a hardening of the material.

The low salt emulsion shows different behaviour from the high salt system. Initially, the
difference in values between the storage and loss moduli is considerably smaller than those
for both the high and medium salt emulsions. This indicates that the emulsion is able to
store much less energy elastically when compared to the high and medium salt systems
and is an expected result for this emulsion system. The low salt system has been shown
to have repulsive interactions between the oil droplets which will result in any network
forming when the emulsion is in a static (or close to) state being very weak. Such weak
networks are unable to store significant amounts of energy elastically, and instead will
dissipate the applied energy in a viscous manner through the motion of droplets. The
low salt emulsion also demonstrates a glassy transition as the frequency of the applied
oscillation increases, showing that the viscous dissipation process for this material occurs

at longer time scales than the frequency of the applied strain.

4.4. Comparisons and discussion

Work carried out by other groups has investigated the rheological behaviour of glassy
colloidal suspensions, surfactant, and Pickering stabilised emulsions, with attractive and
repulsive interactions between the colloidal particles or emulsion droplets [8-10] 12}, 13} 15,
130], 142]. For example, Datta et al. [I42] investigated a sodium dodecyl sulphate (SDS)
silicone oil in water emulsion (with a droplet radius of 250 nm). The interactions between
the oil droplets were altered through changes to the SDS concentration. When the SDS
concentration is below but close to that of the critical micelle concentration, (8 mM), the

depletion interaction between droplets in the system is limited, and droplets display a very
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weak attractive interaction. A strong attractive interaction is obtained by adding SDS to
the system, increasing the concentration significantly greater than the critical micelle con-
centration. They found that at high droplet volume percentages (greater than the random
close packing volume, >64 %) the elastic potential of both strongly and weakly attractive
emulsions are similar to each other, indicating that the elastic potential was largely domi-
nated by topological interactions . However, when the droplet volume percentage is lower
than 64 %, the weakly attractive emulsions become significantly weakened when compared
to their strongly attractive counterparts. Another notable feature of the rheology of these
two different emulsion systems were the specific shapes of the oscillatory rheology curves.
The strongly attractive emulsions demonstrate two distinct peaks in the loss modulus dur-
ing the yielding process. This dual peak behaviour is not observed in the weakly attractive
interactions; instead, the materials yield with a standard single peak profile. The inter-
esting yielding behaviour demonstrated by these workers has highlighted how surfactant
stabilised emulsions, comprised of relatively small droplets, can form an interconnected

elastic network, which adds significantly to the bulk structure.

Pham et al. 12| I3] investigated similar behaviour with two different colloidal glasses
made of hard spheres. The first was poly-methylmethacrylate spheres (with particle
radii of 130nm) suspended in cis-decalin, with and without short-range attractive in-
terparticle interactions induced by adding a non-absorbing polymer (polystyrene — radius
of gyration 11nm. The second glassy material investigated was a suspension of poly-
methylmethacrylate spheres stabilised by chemically grafting with poly-(12-hydroxystearic
acid) in cis-decalin. The interactions in this colloidal suspension were also altered through
the addition of a non-absorbing polymer (polystyrene), which induced attractive deple-
tion interactions between the colloidal particles at sufficiently high concentrations. These
colloidal suspensions were prepared at high particle loading (~60vol. %). When these
materials had attractive interactions between the colloidal particles, complex multistage
yielding behaviour was observed in the oscillatory rheology. These multistage yielding
processes were proposed to be due to network breaking, and cage-breaking effects. The
attractive interactions between the gel particles increased the strength of the materials
compared to that of the repulsive gels at the same volume percentage. As the particle
loading was reduced, the multi-stage yielding processes were still apparent in the systems
with attractive interactions, indicating that this multi-stage yielding was due to the break-
ing of the attractive network formed between the particles, rather than the close packing

of the particles. The multi-stage yielding was not seen in the systems with repulsive inter-
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actions, instead a single yielding process was observed when the particle loading is above

the random close packing percentage.

In a recent study, Katepalli et al. [§] investigated these multistage yielding events in two
Pickering emulsions stabilised by silica nanoparticles with different shapes. Both spherical
and fumed silica nanoparticles were used as Pickering stabilisers, with two different salt
concentrations (1 x 107*M and 0.05M NaCl) utilised to alter the interaction between
the particle coated emulsion droplets. The fumed silica coated emulsion droplets formed
at 1 x 107*M NaCl had an average diameter of ~20pm with a relative broad droplet
size distribution, while those prepared at 0.05 M NaCl had droplet diameters of ~10pm,
again with a broad size distribution. The emulsions used in this study were prepared
at a relatively high droplet concentration of 50vol. %, near to the random close packing
volume of ~64 vol. %. This resulted in many of the oil droplets in these emulsions being in
close contact, aiding in the development of any network structure. The viscosity of these
emulsions were measured across a relatively narrow shear rate range (10s~! to 100s~!), and
the results demonstrated typical shear thinning behaviour with no apparent deviations from
the curve. The elasticity of these emulsions was also investigated with amplitude sweep
measurements, where the applied oscillatory strain was altered (0.1 % to 100 %). These
results demonstrated two distinct yielding events in the strain sweep rheology of fumed
silica stabilised Pickering emulsions when the salt concentration was 1 x 107* M. When
the salt concentration was raised to 0.05 M, these two distinct yielding events appear to
have merged into a single broad yield event. The oscillatory rheology of the spherical silica
stabilised emulsions showed the lower strength of the emulsions when compared to those
employing fumed silica. Despite this significant reduction in the strength of the emulsion,
the multiple yielding events did still appear to occur, albeit in a less pronounced manner.
This indicates that the multi-stage yielding process was not a product of the interlocking
nature of the fumed silica coated droplets, but rather the attractive interaction between

the silica particles.

The results presented in the present work have demonstrated that the formation of
attractive interactions between colloidal particles, here oil-in-water emulsion droplets sta-
bilised by silica particles, can result in the appearance of multiple yielding events in rheo-
logical measurements. Studies reported by other workers had been carried out at relatively
high volume percentages (>50vol. %), leading to significant contact between the particles
or droplets present in the materials. The work presented in this chapter demonstrates

that these multiple yielding events can occur at a significantly lower volume percentage
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4. Using salt to manipulate the flow behaviour of Pickering emulsions

(20vol. %) through the controlled alteration of the interaction energies between emulsion
droplets. This was carried out by screening of the repulsive surface charge of the sil-
ica with the addition of NaCl to the aqueous phase altering the interactions between the
drops from repulsive to attractive. Additionally, this study has utilised a wide range of
rheological techniques to characterise the viscous, and elastic properties of low volume

percentage silica stabilised Pickering emulsions.

This chapter has demonstrated that, through the addition of salts to a low volume
percentage Pickering emulsion system, the network structure of the system can be signif-
icantly, and systematically, altered. The interactions between the silica used to coat the
drops was inferred via zeta potential measurements, with the changes further indicated us-
ing DLVO calculations. The predicted changes to these interactions were visually observed
by microscopy techniques, where the low salt emulsion has well dispersed, unflocculated
oil droplets. In comparison, the high (attractive), and medium salt (intermediate) emul-
sions contained flocculated groups of droplets forming network structures throughout the
emulsion. These changes in the emulsion droplet network were found to significantly alter
a wide range of the rheological properties of these emulsions. The rheological properties
have been compared, and some of the notable data points are summarised in Table

while the drivers behind these changes are discussed below.

The results presented in Table compare some of the key differences between the high
(attractive), medium (intermediate), and low salt (repulsive) emulsions. These differences
are the result of a range of significant structural changes caused by changes in the inter-
actions between the emulsion droplets. There are two key properties considered in this
chapter, the presence of an elastic droplet network structure, and the break-up of said

network.

The formation of an elastic network structure in these emulsions is a dependent on
the salt concentration of the emulsion system. Data measured for low salt (1 x 1074 M
NaCl) emulsion systems were consistent with emulsion systems having repulsive interac-
tions between the oil droplets. The repulsive interactions between the oil droplets have
been demonstrated, throughout the range of rheological and microscopic techniques used in
this work, to hinder the formation of an elastic network structure between the oil droplets.
This presents in the low shear viscous flow rheology as significantly lower viscosities, about
three orders of magnitude lower than that of the high salt emulsions. This reduced viscos-
ity and stress response indicates that there is little structure present. When the low shear

viscosity of the high salt emulsion is considered, the measured values are demonstrated
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to be significantly larger than those for the low salt emulsions (=3 orders of magnitude
larger). This is ascribed to be the result of the extensive elastic network structure that
is present in the high salt emulsion, and is caused by the attractive interactions between
the silica particles. In addition to the low shear viscosity, the structure of the droplet
network is demonstrated by the value of G’ in the linear viscoelastic regime, as shown
in Table [£.7] In the low salt emulsion, there is a very limited linear viscoelastic region,
with a measured G’ value of 0.04 + 0.01 Pa. The lack of a significant linear viscoelastic
region, and the low G’ value, were perhaps the most convincing evidence for the lack of
any significant network between the oil droplets of these low salt emulsions. As the salt
concentration of the emulsion was increased, the linear viscoelastic region becomes more
pronounced. This is the case for both the medium and high salt emulsion systems. The
medium salt emulsion demonstrated a linear viscoelastic regime that was ~2 orders of mag-
nitude greater than that for the low salt system, while also being apparent across a wider
range of applied strains. These differences indicate the presence of a network structure be-
tween the oil droplets, adding to the solid-like properties of the emulsion. The increase in
solid-like behaviour was further demonstrated with the high salt emulsion, with G’ in the
linear viscoelastic region being 100 £ 50 Pa. This solid-like behaviour indicated by these
measurements is a direct result of the proposed network structure formed between the oil
droplets and silica particles present in the high and medium salt emulsions. These results
have demonstrated the effect that a cohesive elastic network can have on the bulk proper-
ties of a Pickering emulsion system. This is similar to results obtained previously by other
workers, and outline that alterations to the interaction energies between colloidal particles

yield changes in the rheological properties of a given charged system [8, [57].
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Table 4.7.  Comparison of high and low salt emulsion data between key measurements for a range of 20vol. % oil-in-water Pickering emulsions
stabilised by 3.45 wt. % silica where the NaCl concentration of the aqueous phase is altered from 1 x 107 M (low salt, repulsive), to
0.066 M (medium salt, intermediate), and 1.66 M (high salt, attractive).

Medium salt

Medium salt

Method High salt Low salt
primary event (31,) secondary event (33, )

Low shear viscosity 150 4+ 60 Pa s - - 0.20 £ 0.17Pas
G’ in the linear viscoelastic region 100 £+ 50 Pa 1Pa 0.04 £+ 0.01 Pa
Stress linear fit 15 £ 6 Pa 0.04 Pa 0.03 £0.02 Pa
Bingham fit stress - 0.03 Pa 0.04 £ 0.02Pa
Herschel-Bulkley fit stress - 0.03 Pa 0.03 £ 0.02Pa
G’ and G” cross over stress 14 +10Pa 0.01 Pa 0.01 +£0.01Pa

G’ inflection point stress 13+ 10Pa 0.02 Pa 0.03 Pa -

Stress vs. strain inflection point stress 15+ 10Pa 0.02Pa 0.03 Pa -
Low frequency G’ 70 + 40 Pa 0.7 Pa 0.07 £ 0.03 Pa
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4.4. Comparisons and discussion

While a material can display significant structure at rest, the transition to flow often
gives rise to more interesting measurable phenomena. This was the case with the emulsion
systems measured here, and the results obtained provide insights into the break-up or
disruption of the networks present in these systems. The processes involved in the yielding
of colloidal systems has previously been demonstrated to be related to the types structures
present in the system [12HI5] 142], (189]. The structures present in the emulsions prepared
in this chapter have ranged from weak repulsive materials, with limited structure, to strong
elastic networks. Rheological measurements of the weak repulsive materials show very little
network break-up, due to the limited network structure that is present in this system. This
is demonstrated in Fig. in which G’ and G” were measured against an increasing
oscillatory strain. The data in this figure showed a relatively unchanging G” across the
applied strain range, while the G’ component was only slowly decaying from an initially
low value. This is a deviation from the results presented by Katepalli et al. [§], and
is likely a result of the significantly lower volume percentage of the emulsions presented
here. Additionally, the yield stress values for the low salt emulsion system presented in
Table were found to be very small in comparison to the high salt emulsion, indicating
that the break-down of any temporary static network structure is a process that does not
require a significant amount of force. As the salt level of the emulsion was increased, the
network break-up processes change, and display additional features. The break-up of the
network present in the medium salt emulsion occurs across two distinct events found in the
oscillatory rheology, and a single break-up event in the flow rheology measurements. The
break-up events measured in the oscillatory techniques were found to be due to two separate
processes, a network disruption event at low strains, followed by a cage or floc breaking
event at higher strain percentages [12] [13], (15, 142, [I88]. Interestingly, these two separate
yielding events were not visible in the flow rheology of the medium salt emulsion. This is
proposed here to be a result of the similarity of the yield stress values measured for each of
the two yielding events. As a result of this similarity, it is expected that the two break-up
processes will not be individually distinguishable in the flow curve, instead appearing as a
single yield process. Increasing the salt concentration to a high salt system further alters
the break-up processes found in the rheology results. Initially, for the flow rheology of the
high salt emulsion the stress demonstrated non-standard flow behaviour, as shown by the
decrease in the measured stress as the shear rate was increased (Fig. [4.8)). Flow behaviours
such as these have been reported before, and have been described as anomalous flow [I75-

177]. In this work, these flow behaviours are proposed as being due to two separate break-up
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4. Using salt to manipulate the flow behaviour of Pickering emulsions

processes. The initial decrease in the stress results from the break—up of the overall network
structure, leaving flocs of oil droplets moving somewhat independently of one another
(network breaking). This is thought to be the first stage of yielding in this material, which
has been described previously by other groups [12], 3] 15, 130} 142]. As the shear rate
is further increased, the stress begins to increase, an indication of the second yield event,
the break-up of the flocs present in the system (cage breaking). Somewhat surprisingly,
these two network break-up events are not easily distinguishable in the oscillatory rheology
measurements for the high salt emulsion. Instead, a single broad break-up is present, likely
the result of the overlap of the two separate events. This overlap has been demonstrated
in previous works investigating emulsion systems with attractive inter-droplet interactions
I8l 142].

The origin and characterisation of multiple yielding events, that have been demonstrated
in the rheology of some colloidal systems, has been an area of interest for some time now
[12H15) [142] 189]. This chapter has presented a unique low volume percentage colloidal
system in which these multiple yielding events occur, while demonstrating a wide range of
the techniques that can be used to characterise these systems. Both the bulk rheological,
and the microscopic structure of these emulsion system has been shown to be systematically
tunable through the addition of salt. The ability to control the properties of an emulsion
through this addition provides a foundation to allow the development of products with
the desired bulk properties. The next chapter will investigate a method other than the

addition of salt for modifying the rheological properties of a Pickering emulsion system.
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5 Using pH to manipulate the flow

behaviour of Pickering emulsions

5.1. Introduction

Previous chapters in this thesis have reported Pickering emulsions that have been sta-
bilised by silica nanoparticles, where the interactions between the nanoparticles were con-
trolled by altering the ionic strength of the solution. In this chapter, the behaviour of
another Pickering stabiliser, titanium dioxide nanoparticles (titania), is considered. These
particles were chosen due to their surface chemical properties, uniform needle-like primary
particle shape, and ready availability with reliable quality. The specific titania particles
(Eusolex® T-2000) are ellipsoidal particles (20nm x 100nm) comprised of a core of tita-
nium dioxide and a surface coating comprised of aluminium oxide, simeticone (Fig. ,
and “titanol” (Ti—OH) [190] 191], which afford the particles pH sensitive properties. In
contrast to the work reported in Chapter [, where salt concentration was used to alter the
Debye length, leading to changes in the interaction strength between the silica particles,
this affords the opportunity to modify the attractive interactions between the titania par-
ticles through changes to the surface chemistry, and hence the surface charge, by altering

the pH of the suspension.

CH;[  CH,
| |

HsC —Si—FO-Si—FCH,4
| |
CH;|  CH,

= 4n

Fig. 5.1 Molecular structure of simeticone.
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5. Using pH to manipulate the flow behaviour of Pickering emulsions

The Eusolex® T-2000 nanoparticles have a surface coating of aluminium oxide, simeti-
cone, and titanol which alter the hydrophobicity of the particles, with the aluminium oxide
and titanol increasing the hydrophilicity, while the simeticone contributes a degree of hy-
drophobicity to the material. The aluminium oxide coating on the nanoparticles is added
as it increases the viability as a UV blocker for use in sun care products. One notable
property of the aluminium oxide coating is the amphoteric nature. This will result in the
aluminium oxide reacting with both acid or base added to the Pickering emulsions, or sus-
pensions. These reactions will alter the pH of the material, and the products may result in
the formation of charged species on the surface of the nanoparticles. The titanol surface
will also demonstrate sensitivity to changes in the pH of the surrounding media, becom-
ing protonated at low pH, and deprotonated at high pH, altering the surface charge of
the nanoparticles. Simeticone is expected to be unaffected by the addition of acid or base
(within reasonable limits) due to the stability of the Si-O, and Si-C bonds. The surface
coating of these nanoparticles results in an apparent contact angle against water of 129°

[73].

5.2. Experimental methods

5.2.1. Materials used

Pickering emulsions presented in this chapter were prepared as oil-in-water systems using
a dodecane oil phase (> 99 %, Sigma Aldrich), which was passed through a neutral alumina
column to remove polar impurities. Eusolex® T-2000 was used as a stabiliser in this
chapter without further purification or pretreatment. This is a synthetic titanium dioxide
nanoparticle that is needle-like in shape with a width of 20 nm, and length of 100 nm. These
nanoparticles have a coating of aluminium oxide (8 wt. % to 11wt. %) and simeticone
(1wt. % to 3wt. %) (Eusolex® T-2000, Merck) [I90, 191]. The aqueous phase had a low
background salt level added in the form of NaCl (AR grade, Fisher Scientific) to a final
concentration of 1 x 10"#mol L=!. The acid used in this chapter was 37 vol. % hydrochloric
acid (AR grade, Fisher Scientific) which was diluted to the appropriate concentrations,
while the base was sodium hydroxide (AR grade, Fisher Scientific), which was prepared to

the appropriate concentrations.
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5.2. Experimental methods

5.2.2. Particle analysis

Before emulsions were prepared at a given pH, the relationship between pH and surface
charge needed to be established. This was carried out in a series of steps. First the pH
of titania suspensions were measured using a pH meter (SevenEasy pH, Mettler Toledo,
Columbus, Ohio, USA) as known concentrations of acid or base were titrated against
dispersions of titania nanoparticles at a range of particle concentrations. This measured
pH was compared against the theoretical calculated pH in order to demonstrate the buffer
capacity of the titania nanoparticles. The theoretical pH was calculated from the volumes
of acid or base added to the aqueous component of the system, assuming no interactions
with other species. Once the effect of pH was determined, the zeta potential of ~0.01 wt. %
and ~0.7wt. % dispersions of titania nanoparticles at a range of pH values were measured
using a Malvern Zetasizer Nano with disposable folded capillary cells (DTS1070).

The shape of the titania nanoparticles was confirmed using both transmission electron
microscopy (TEM), and scanning electron microscopy (SEM). This microscopy was carried
out by drying small droplets of suspensions of the nanoparticles originally at pH 6 and pH
12 onto microscopy stubs before imaging. As the images were taken in a dry state, they
are only representative of the structure of single nanoparticles. TEM and SEM imaging
was carried out by Niki Minards at the Manawatu Microscopy Imaging Centre using a FEI

Tecnai G2 Biotwin TEM and a FEI Quanta 200 Environmental SEM.

5.2.3. Emulsion preparation

To prepare these emulsions a 1 wt. % dispersion of titania was prepared ina 1 x 10~ mol L™!
NaCl solution. This solution was further diluted with 1 x 107*mol L~ NaCl to a final ti-
tania concentration of 0.7 wt. %. To this, a volume of dodecane was added (50 vol. %), and
the solution was homogenised with a rotor-stator homogeniser (PowerGen 125, Fisher Sci-
entific) at 30000 min~! for 2 minutes while moving the homogeniser head throughout the
sample. Once the samples were fully emulsified, samples were taken and diluted with the
appropriate acidic or basic solutions to the desired oil volume fraction of 30 vol. % giving

two emulsions with either a calculated pH of 6 or 12.

5.2.4. Droplet analysis

Droplets were analysed for both morphology and size using optical, confocal microscopy,
and dynamic laser scattering. Optical microscopy was carried out in dilute systems (~1.5 vol. %)

in order to reduce excessive scattering with the diluted sample placed in a welled slide.
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Optical micrograph images were captured with a 40X objective on a Zeiss Axiophot Mi-
croscope. Confocal microscopy was carried out on undiluted samples (30vol. %) which
had two different fluorescent dyes added, one oleophilic dye (Nile Red, ~9 x 10~% M), and
another charged hydrophilic dye (Nile Blue, ~9 x 10~% M). The two dyes were used specif-
ically to demonstrate the oil droplet morphology and distribution (with the oleophilic dye,
Nile Red), and the distribution of titania nanoparticles within the surrounding aqueous me-
dia (with the charged dye, Nile Blue). Excitation of the Nile Red dye was carried out with
a 514 nm laser at 39 % power while the emission was captured between 519nm to 671 nm
for the pH 6 emulsion, and 650 nm to 787 nm for the pH 12 emulsion. Nile blue involved
excitation and measurement of emission at different ranges for pH 6 and pH 12 samples.
At pH 6 excitation was carried out with a 633 nm laser at 30 % power with the emission
captured between 634 nm to 800nm. At pH 12 the excitation was carried out with both
a 633nm laser at 42 % power and a 561 nm laser at 45 % power with the emission cap-
tured between 650nm to 787 nm. These images were captured using a 63X oil-immersion
objective attached to a Leica DM6000B SP5 confocal laser scanning microscope with a 3x

digital zoom provided via software.

Particle size analysis of the emulsions used a Mastersizer 3000 and was processed with the
accompanying software package (version 3.70). An initial measurement of each emulsion
preparation was measured across a full size range of 0.01 pm to 1000 pm, followed by repeat
measurements across a more limited size range of 1 pm to 1000 pm, in order to remove the
large broad peak that is associated with free titania particles (individual titania particles

are ellipsoidal with dimensions of 20nm x 100 nm).

While the optical microscopy methods show the bulk structure of the emulsion droplets,
it is not possible to directly visualize the location of the titania present in the Picker-
ing emulsion system. To better determine the location of the titania in these Pickering
emulsion systems, freeze-fracture cryo-scanning electron microscopy (cryo-SEM) images of
the interfacial structures in the emulsions were obtained. This used a Philips XL30 Field
Emission Scanning Electron Microscope fitted with a Gatan Alto cryo-trans system at the
University of Auckland. A few drops of the emulsion were frozen in nitrogen slush. The
frozen emulsion was fractured under ultra-high vacuum and then etched at ~ — 95°C for
60s. The fractured surface was coated in platinum (10 mA, 105s, 1 mbar argon) before
being transferred to the cold stage (= — 170°C) of the SEM. Cryo-SEM (cryo-SEM) was
utilised to identify the distribution of titania throughout the sample. Cryo-SEM images

presented in this chapter were captured by Dr. Catherine Whitby, utilising a 30 vol. %
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emulsion stabilised by 0.7 wt. % of titania at pH 6.

5.2.5. Rheological measurements

Emulsion samples were left to rest overnight to develop a standard structure before rhe-
ological analysis was carried out (as described in section [3.3.1] While this is a different
emulsion, similar results are expected, and as such this standard was maintained). Rheo-
logical measurements were carried out at 20 °C and with a 40 mm parallel plate geometry
at a gap height of 400um on a DHR-2 rheometer (TA Instruments). Emulsion samples
were placed on to a rheometer plate with a disposable Pasteur pipette. Preparing the ma-
terial for analysis was carried out by preshearing for 30 seconds at 0.1rads™', with no
equilibration time before the experiment was carried out. A number of experiments were
run on each emulsion, a strain sweep monitoring the strain dependence of stress, G, and
G”, a frequency sweep monitoring the frequency dependence of G’ and G”, and a flow

curve monitoring stress and viscosity.

5.2.5.1. Strain sweep

Strain sweep measurements were all performed across the strain range of 0.01% to
15000 % at a constant frequency of 1rads™! with 5 data points measured per decade with
10s averaging time per point after a 5s condition step per data point. The strain vs.
stress, G, and G” curves were measured for the material. The range of strains chosen here
allowed for full coverage of the areas of interest with each emulsion measured, showing
both the elastic state of the emulsions at low strain percentages, and the viscous nature of

the systems at high strain percentage.

5.2.5.2. Frequency sweep

Frequency sweep measurements were performed at a strain percentage found to be within
the linear viscoelastic region from the previous strain sweep measurements. The strain
percentage used for each measurement in these experiments was 0.25%. The frequency
range that was used for these experiments was 0.1rads™! to 500rads~! with 5 data points

per decade. Each point was measured by averaging over 5s after a 5s conditioning step.

5.2.5.3. Flow curve

Flow curve experiments were performed with an increasing shear rate from 0.01s~!

to 1s~! with 10 data points per decade with 20s of averaging per point measured after
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a 10s conditioning step. Higher shear rates were attempted with these emulsion systems
(<100s7!), however due to emulsion degradation, the shear rate range was reduced (results

not included).

5.2.5.4. Creep and creep recovery

The creep experiment was performed after the flow curve and strain sweep methods due
to the need for some prior knowledge of the approximate range of the yield stress. Creep
measurements were carried out with a range of applied stresses, with sample replacement
between each measurement. The stresses were applied for a minimum of 300s, with the
resultant displacement of the sample being measured as the stress was applied. Then,
the sample was left to relax for a minimum of 60s with the displacement of the sample
being measured. Errors are not presented for creep experiments due to the nature of the

measurements limiting the ability to average measurements.

5.3. Results

5.3.1. Emulsion microstructure

As pH has been used in this chapter to modify the physical properties of the emulsions,
the effect that the addition of acid or base has on the overall measured pH of a titania
dispersion was investigated. This was carried out via a pH titration at different particle
concentrations, each of which are shown in Fig. 5.2l This figure shows the typical shape
for a titration curve against a buffer, with the concentration of titania altering the width
of the “buffer” region of the suspension. This demonstrates the multiple regions that may
display a range of surface potentials with these nanoparticles, below a calculated pH 5, the
buffer region between calculated pH 5 and pH 10, and above calculated pH 10.

Once the effect that the addition of acid or base had on the pH had been quantified,
the effect that these changes in pH had on the surface potential of the titania suspensions
was measured. This was carried out by measuring the zeta potential of titania suspensions
prepared at a range of calculated pH values and the results of this are shown in Fig. [5.3]

Figure [5.3| shows that altering the calculated pH from 2 to 12 does have a significant
effect on the surface charge of the titania particles. At calculated pH values less than 9,
the value of the zeta potential is positive, and increases in magnitude as the pH is further
decreased. As the pH was increased greater than 10, the zeta potential becomes negative,

and continues towards more negative values with further increases in pH. This fits well
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0.02wt. %, ). The measured pH is plotted against the calculated pH, which
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Fig. 5.3 Zeta potential measurements of 0.01 wt. % titania suspensions at a range of pH
values demonstrating changes in the surface charge of the titania.
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Fig. 5.4 Potential energy curves of the interaction between two spherical particles at two
different pH values. The different pH causes a change in the zeta potential of
the titania nanoparticles. (a) Calculations for titania suspension at pH 6. (b)
Calculations for titania suspension at pH 12. (¢ = 78.54, a = 50nm, T =
298.15K, A = 60 x 10721 J, k = 3.29 x 103 nm™!, 4(pH 6) = 20mV, @q(pH
12) = —40mV).

with the pH titration curve (Fig. , with the pH values of 5 and 10 being the bounds
of the “buffer region”, in which the measured pH is relatively insensitive to the addition of
acid or base. Given these results, two measured pH levels were used to prepare emulsions
throughout this work, pH 6 and pH 12.

The interaction energy profiles of the titania particles can be approximated to demon-

strate the effect of pH. This was achieved via DLVO calculations, as described in Sections

[[.4.1.5| and [4.3.1] The Hamaker constant that was used for the titania nanoparticles was

60 x 10721 J [192] and the two particles were assumed spherical with a radius of 50 nm
in order to simplify the calculations (chosen to be between the width (20nm) and length
(100nm) of the ellipsoidal particles). The results of these DLVO calculations for pairs of
titania nanoparticles at both pH 6 and pH 12 are demonstrated in Fig. This figure
shows that at pH 6, the interaction energy is attractive across the full range of separa-
tion distances. When comparing this plot to that of the pH 12 suspension, the differences
between the samples becomes evident. The calculations for the pH 12 suspension show a
peak of =17k g T at a separation distance of 2.1 nm while there is a secondary minimum
at 15.7nm of =~ — 0.7k g T. These calculations demonstrate that the pH 6 suspension will
have attractive interactions between the particles, while the pH 12 has an energy barrier

leading to a repulsive interaction between the particles.

The titania nanoparticles used to stabilise the emulsions in this chapter have been re-

ported to have an ellipsoidal shape, or needle-like shape [I90]. The shape of the titania
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200 nm

Fig. 5.5 TEM images of dried suspensions of titania nanoparticles that, in their suspended
state, were (a) pH 6, and (b) pH 12. This demonstrates that there is no notable
change in the size or morphology of titania particles as the pH is altered.

was investigated as a dried suspension with both TEM and SEM imaging. An example of
the TEM images for both pH 6 and pH 12 suspensions are shown in Fig. 5.5 These TEM
images demonstrate that the titania particles used in this work do indeed have an ellip-
soidal shape. When comparing the images of the pH 6 and pH 12 suspensions there does
not appear to be any significant difference between the two. This expected result is due
to the requirement of dry samples for TEM imaging. This drying will likely result in ag-
gregation of any particles, leading to results that become very similar. The TEM images
also demonstrated that the size and morphology of the titania particles has not been al-
tered by the changes in pH. SEM imaging was also carried out on these materials, which
demonstrated a relatively even surface coating of titania nanoparticles on the microscopy
stub at each measured pH (results not shown).

Optical micrographs of the emulsions prepared for this chapter are shown in Fig. [5.6]
Both the pH 6 and pH 12 emulsion images demonstrate spherical droplets with a distri-
bution of droplet sizes. Neither the pH 6 nor pH 12 emulsion appear to demonstrate a
significant amount of flocculation between the oil droplets, likely due to the low droplet
concentration of the samples.

Figure [5.7] demonstrates the shape of the distribution of titania aggregates, emulsion
droplets, and flocs of droplets. Figure demonstrates the size distribution of material
present in the initial bulk emulsions prepared. From these initial bulk emulsions, the pH 6

and pH 12 emulsions were prepared by diluting the emulsion with the appropriate aqueous
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(a) (b)

Fig. 5.6  Optical microscopy images showing the structure of ~1.5 vol. % oil-in-water Pick-
ering emulsions stabilised by ~0.04 wt. % titania at both (a) pH 6 and (b) pH
12.

solutions. This was performed to ensure that each emulsion prepared had a consistent
droplet size. One of the features of Fig. is the shape of the distribution where three
notable peaks in the size distribution are observed; a broad peak centred at roughly 0.1 pm,
and two sharper peaks centred at about 20ppm and 100 pm. Each of these peaks can be
assigned to different features present in the emulsion samples. The first broad peak at
0.1 pm is thought to be due to free titania in the sample forming aggregates rather than
oil droplets given the methods used to prepare the emulsion not being expected to lead to
droplets of this size [193]. The second sharper peak at 20 pm is ascribed to single droplets
present in the emulsion sample, an assertion consistent with the microscopy images of Fig.
Finally, the last sharp peak at 100 pm is present to due to aggregates (or flocs) of
droplets, held together by the attractive interactions between the oil droplets.

When the size distributions present in Figs. [5.7b] and are considered it shown that
each of these emulsions demonstrates a slightly different distribution of particle sizes. The
pH 6 emulsion demonstrated in Fig. shows a similar distribution to that of the initial
bulk emulsion, with three main peaks present in the distribution. This is expected, as the
pH of this emulsion is identical to that of the initial bulk emulsion, with the only difference
between the two samples being the oil volume percentage. These systems have been shown
to have an attractive interaction between the titania particles, leading to the formation of
flocs, which may not break down into individual droplets in the Mastersizer instrument.
The distribution shown in Fig. does not display the same pattern of peaks. The large
broad peak at small sizes (0.1 um) arises due to free titania nanoparticles in the aqueous

phase, which are assumed to assemble into larger aggregates. Instead of the two sharper
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Fig. 5.7 Size distributions of oil-in-water Pickering emulsion droplets stabilised by

0.7wt. % titania at different pH. (a) Initial bulk emulsion. (b) pH 6 emulsion.
(¢) pH 12 emulsion.
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5. Using pH to manipulate the flow behaviour of Pickering emulsions

peaks in Figs. |5.7a] and there is a single peak in the size distribution. This single
peak at 30 pm is expected to be due to single emulsion droplets. The lack of aggregates
present in this pH 12 emulsion sample is consistent with the repulsive interactions between
the oil droplets. This repulsive interaction will limit the formation of network structures,
and as such these are less likely to be observed in a dilute system, such as is used in the

Mastersizer instrument.

Confocal microscopy allows the ’slicing’ of the emulsion into almost two-dimensional
slices. This allows the core and shell of the emulsion droplets to be imaged with limited
interference from other z—planes (parallel to the viewing plane) that are out of the focal
plane (for example the spherical tops or bottoms of each emulsion droplet). The use of
fluorescent dyes highlights each phase of the emulsion. When Figs. and are
compared, there is a difference in the distribution of the titania coating (as represented by
the Nile Blue dye). In Fig. titania is largely found to be only coating the oil droplets
with a coat distributed evenly around each of the oil drops. In comparison, Fig. shows
a distribution of titania throughout the aqueous material surrounding the oil droplets with
large clumps of titania forming, and an uneven coating of titania on each oil droplet. These
observations are also described macroscopically with dispersion of titania in different pH
solutions. At high pH (pH > 10) titania was observed to aggregate within an hour, due
to the poor dispersibility of the titania nanoparticles. Below pH 10, particle suspensions
were stable over a longer time period, with limited aggregation occurring over the course of
days. Additionally, the pH 12 emulsions were found to be more susceptible to coalescence
than the pH 6 emulsions, likely a result of the incomplete particle shells demonstrated in
Figl5.8b] This resulted in the pH 12 emulsions phase separating in situations where the
sample was not treated in a careful manner, i.e. phase separation occurred if the samples

were shaken vigorously or for long time periods.

The location of the titania nanoparticles was further probed with cryo-SEM. Figure |5.9
shows the shell structures formed by the titania nanoparticles around each oil droplet. In
addition to these shells, there are small ridges distributed throughout the water phase.
These ridges are comprised of dispersed titania particles and may suggested some degree
of network formation between each of the titania nanoparticle shells, although it is possible

that these features are an artefact of the freezing process.
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0 pm 10

Fig. 5.8 Confocal microscopy image of 30vol. % oil-in-water Pickering emulsions sta-
bilised by 0.7 wt. % titania. The red colouration is representing the ~9 x 10™* M
Nile Red dye, and the blue colouration is due to the ~9 x 10~* M Nile Blue dye.
(a) pH 6. (b) pH 12.
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Fig. 5.9 A 30vol. % oil-in-water Pickering emulsion stabilised by 0.7 wt. % titania at

148

pH 6 imaged by cryo-SEM. (a) Demonstrates multiple droplet shells distributed
through an aqueous phase containing titania aggregates. Labels are added to
show the outline of a droplet, while also highlighting the titania forming the
droplet shells and the small ridges throughout the dark grey water component.
(b) Shows a single droplet shell, better demonstrating the thin shell, while also
showing the ridges of titania in the aqueous phase.
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Fig. 5.10 Shear rate vs. viscosity plot for a 30vol. % oil-in-water Pickering emulsion
stabilised by 0.7 wt. % titania at pH 6 (e) or 12 (e). Shaded areas indicate the
variation in multiple measurements of these emulsion systems.

5.3.2. Viscous flow rheology

As has been discussed in previous chapters, non-Newtonian fluids, such as the emulsions
studied in this work, show changes in viscosity as the applied shear rate is altered. This is
apparent in Fig. where the viscosity of two titania emulsions are shown to decrease as
the shear rate is increased. This decrease demonstrates the shear thinning behaviours of
these emulsions. The range of shear rates investigated in this chapter are limited compared
to those in previous chapters due to issues with emulsion stability at higher shear rates,
where the emulsion would destabilise and phase separate at shear rates greater than 1s~!
(data not shown here). The ratio of the viscosities between each emulsion remains relatively
constant across the range of shear rates, with the pH 6 emulsion being about three orders

of magnitude larger than that of the pH 12 system.

When the low shear viscosities for each emulsion are compared it is apparent that the
pH 12 emulsions are significantly less viscous, with a low shear (1 x 1072s7!) viscosity

of about 0.7 Pas compared to the nearly 700 Pas for the pH 6 emulsion. As has been
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Table 5.1. Calculated initial viscosities from a number of different models compared to the
measured low shear (0.01 Pas) viscosities of the 30 vol. % oil-in-water Pickering
emulsion stabilised by 0.7 wt. % titania measured at pH 6 or 12.

Einstein Batchelor pH 6 pH 12
model model Kreiger-Dougherty  emulsion low emulsion low
viscosity viscosity model viscosity shear viscosity shear viscosity
(Pas) (Pas) (Pas) (Pas) (Pas)
1.5x107% 2.1x1073 2.5 x 1073 700 =+ 200 0.7+0.3

carried out in previous chapters, several models have been used to predict the low shear
viscosity of an emulsion of this volume percentage. Again, these models are based around
non-interacting hard spheres, and are more applicable at very low volume percentages
where these assumptions are more applicable. The results of these calculations, as well as
a comparison to the measured low shear viscosities for each emulsion are provided in Table
b1l

Table shows that the calculated values for the viscosity do not correspond well with
either the pH 6 or pH 12 emulsion systems that have been evaluated here. When the
viscosity of the pH 6 system is considered in comparison with the model systems, it is
apparent that the measured system shows a significantly higher viscosity (by 5 orders of
magnitude). This was not an unanticipated result as the pH 6 emulsion was expected to
show attractive behaviour between the particle coated emulsion droplets. These attractive
interactions will lead to an increase in the measured viscosity, such as is demonstrated
here. With the pH 12 emulsion, it can be shown that the initial measured viscosity is
higher than the models used here predict. In these experiments, this pH 12 emulsion is
designed to be an emulsion with repulsive behaviour between the particle coated emulsion
droplets. This repulsive interaction results in a decrease in the measured viscosity of the
bulk pH 12 emulsion system when compared to the pH 6 emulsion system.

The stress response of each of the two measured emulsions is demonstrated in Fig. [5.11]
When the two curves displayed in Fig. [5.1T]are compared it is clear that there is a difference
between the stress response of the two emulsions. Similar to the viscosity curves of Fig.
, the measured stress of the pH 6 emulsion (low shear value of 6.6 Pa) is significantly
greater than that of the pH 12 emulsion (low shear value of 0.007 Pa).

The shape of the stress-shear rate relationships is also of interest in gathering information
about the properties of the two emulsion systems. Figure demonstrates the relative
insensitivity of the stress to changes in shear rate, with the pH 12 emulsion showing only

a slight increase from 0.8 x 1072 Pa to 2 x 1072 Pa (with exclusion of the final few data
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Fig. 5.11 Shear rate vs. stress for 30 vol. % oil-in-water Pickering emulsion stabilised by
0.7wt. % titania at pH 6 (e) or 12 (e). Shaded areas indicate the variation in
multiple measurements of these emulsion systems.
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Fig. 5.12 Shear rate vs. stress for 30vol. % oil-in-water Pickering emulsions stabilised
by 0.7wt. % titania at pH 6 (e) and pH 12 (e). Lines demonstrate the fit-
tings of these data with each of the applied models. With the pH 6 emul-
sion, the solid black line is the low shear average (6 £ 2Pa). For the pH 12
emulsion, the solid red line is the Herschel-Bulkley model (0.004 + 0.003 Pa),
while the dashed red line is the Bingham model fitting (0.008 £ 0.005 Pa).
The pH 12 emulsion was also fitted with two averages (not shown here), one
at low shear (0.008 +0.002Pa), and one across the full applied shear range
(0.008 £ 0.004 Pa).

points) in stress as the shear rate is increased, while the pH 6 emulsion stays constant at
about 6 Pa to 8 Pa. Due to the lack of change in the stress of the pH 6 emulsion, the fitting
of the data was limited to use of an average, while with the pH 12 emulsion, both a low
shear average, and two models (Bingham and Herschel-Bulkley) were applied to extract a

yield stress value.

There are large differences in the measured yield stresses for the pH 6 and pH 12 emul-
sions. When the pH 6 emulsion was fitted with an average the yield stress was found to be
6 + 2Pa. The pH 6 emulsion data was not fitted with either the Herschel-Bulkley or Bing-
ham fits. The pH 12 emulsion was found to have a yield stress of 0.008 4+ 0.002 Pa from
both the average fitting, and the Bingham fit, while the fitting of the Herschel-Bulkley gave
a yield stress value of 0.004 & 0.003 Pa. The differences between the yield stresses of the
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two emulsions supports the hypothesis that the change in interaction between the emul-
sion droplets has resulted in a substantially different network structure forming. At pH 6
the interaction between the oil droplets is expected to be attractive, and is proposed here
to result in a network structure which provides the bulk strength of the emulsion. This
leads to the pH 6 emulsion having a yield stress that is much greater than what may have
initially been predicted. At pH 12, the emulsions are expected to have a repulsive inter-
action between the oil droplets. The repulsive interaction between oil droplets would not
be anticipated to result in a network structure forming through the emulsion system and

would lead to an emulsion with much lower bulk strength than that for the pH 6 system.

5.3.3. Oscillatory measurements
5.3.3.1. Strain analysis

As with the work reported in Chapters [3]and ] oscillatory rheology was used to develop
insight into the elastic properties of these two emulsion systems. The effect of both the
amplitude and the frequency of oscillations were investigated.

Initially the effect that an increasing amplitude of oscillation had was investigated for
both the pH 6 and pH 12 emulsions, and the results are displayed in Fig. [5.13 The G’
and G” for the pH 6 emulsion are significantly greater than those for the pH 12 emulsion,
showing an increase in the strength of the system. This is best demonstrated by comparing
the values of the storage modulus in the linear viscoelastic region where the pH 12 emulsion
has an approximate value of 1.1 Pa while the pH 6 emulsion has an approximate value of
85 Pa. This difference is expected for these emulsions, as the pH 6 emulsion will have an
attractive interaction between the oil droplets, leading to an increase in the strength of
the emulsion system. When comparing this with the pH 12 emulsion, which has repulsive
interactions between the titania-coated oil droplets, the strength of the emulsion system
will be diminished.

Fitting of the curves in order to determine the yield stress of the these emulsions was
again carried out in segments, with an average fitted to the linear viscoelastic region, and
a power law fitted to the decreasing G’ at higher strain percentages. In addition to these,
a power law was also fitted to the decrease in the G” at high strains. These fittings can
then be used to extract values of the yield stress for these emulsions, through methods
that have been described in Section These fittings are shown in Fig.

The first method used to determine the yield stress was the cross over point of the two

fittings of the storage modulus of each emulsion. At the intersection of these two fittings
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Fig. 5.13 Response of the elastic storage modulus (e) and the viscous loss modulus (o) of
30vol. % oil-in-water Pickering emulsions stabilised by 0.7 wt. % titania at pH
6 (o) and pH 12 (e) to changes in the applied oscillatory strain at a constant
oscillation frequency (1rads™!). Shaded areas indicate the variation in multiple
measurements of these emulsion systems.
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Fig. 5.14 Response of the elastic storage modulus (filled symbols) and the viscous loss

modulus (unfilled symbols) of 30vol. % oil-in-water Pickering emulsions sta-
bilised by 0.7 wt. % titania at pH 6 (e) and pH 12 (e) to changes in the applied
oscillation strain at a constant oscillation frequency (1rads™!). The fittings of
each section of these data are demonstrated by either solid (storage modulus),
or dashed lines (loss modulus). The solid circles demonstrate the crossover
points of the storage and loss moduli for each emulsion (pH 6: yield strain,
74 +5%; yield stress, 2.26 +0.01 Pa) (pH 12: yield strain, 20 + 10 %; yield
stress, 0.04 +0.02Pa). (¢ and (12 indicate the inflection points in the storage
modulus at pH 6 (yield strain, 7 4+ 3 %; yield stress, 1.1 +0.2Pa) and pH 12
(yield strain, 1.8 4+ 0.6 %; yield stress, 0.03 + 0.02 Pa).
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(marked fx), the strain percentage was identified. This strain percentage was converted
to an oscillatory stress using the data in Fig. [5.16] For the pH 6 emulsion the yield strain
and yield stress were 7+ 3% and 1.1 4+ 0.2 Pa respectively, while the values for the pH 12
emulsion were significantly smaller at 1.8 + 0.6 % for the yield strain, and 0.03 £ 0.02 Pa
for the yield stress. In addition to determining the yield stress with the fittings, the yield
stress was also determined by finding the cross over point of the storage and loss modulus
for each emulsion. This cross over point gives a yield strain, which is then translated into
a yield stress. Both the yield strain and yield stress values from this cross-over point for
the pH 6 emulsion were 74 +£5% and 2.26 + 0.01 Pa respectively. In comparison, the pH
12 emulsion yield strain and yield stress values were 20 +10% and 0.04 £+ 0.02 Pa. This
has shown that the values of the yield stress obtained from each of these two methods are
significantly different, with the yield stress obtained from the G’ and G” cross over being
about three times larger than that of the fitting intersection method. This discrepancy is
anticipated, as the choice of each point is based largely on operational differences between

what is classed as the yield stress, as discussed in Chapter

The pHl 6 emulsion demonstrates an interesting behaviour with the changes in the storage
modulus during the yielding process. The yield stresses reported in this section were
measured as a fitting of the linear viscoelastic region and the slope of the storage modulus at
high strain percentages. This fitting ignores the less pronounced change in the slope of the
storage modulus at intermediate strain percentages. The change in slope at intermediate
strain percentages demonstrates a multiple yielding process that is occurring in the pH 6
emulsion. These multiple yielding events are outlined in Fig. As was discussed in
Chapter [d] these multiple yielding events have been attributed previously to two different
microscopic processes occurring in colloidal systems with attractive interactions between
the particles [12 13} 15, 130, 142]. The initial yield stress was significantly lower than that
demonstrated in Fig. This initial yield stress was ascribed to being due to the break-
up of the network present in the attractive emulsion system into smaller components, such
as flocs of droplets. The secondary yield event at higher strain percentages was ascribed to
break-up of the flocs of droplets into individual emulsion droplets. The pH 12 emulsion does
not show behaviour with multiple yielding events; instead yielding with a single change in

slope of the storage modulus, until a change in behaviour at high strain percentages.

In addition to considering the storage and loss moduli response to an increase in strain,
it is also possible to measure the stress response to the changes in strain percentage. The

results of this for the two emulsions used here are shown in Fig. [5.16] As with previous

156



5.3. Results

10 | AN
T o[ © 7900000, 1
o F o E
~ 1 O ]
— o ]
S Bs © ]
©
o 10° F 3
= ;
0 ]
(%2} 4
o
— 10" £ E
o 3
C -
“5 o ]
Qo
2102 F 3
© E
© 3
@) ]
(",") i
[ ]
10° £ E
10_4 1 1L llllll 1 - llllll 1 1L llllll 1 1L llllll 1 - llllll 1 1L llllll
107 10 10° 10’ 102 10° 10*
Oscillation strain (%)
Fig. 5.15 Multiple yielding processes demonstrated in the response of the elastic storage

modulus (e) and the viscous loss modulus (o) of 30 vol. % oil-in-water Pickering
emulsions stabilised by 0.7wt. % titania at pH 6 to changes in the applied
oscillation strain at a constant oscillation frequency (1rads™!). A§ and (2
indicate the two inflection points of the storage modulus, each of which can be
taken as a separate yielding event. The first inflection point (33) occurred at a
yield strain of 0.55 %, corresponding to a yield stress of 0.32 Pa, each of which
were significantly lower than the second inflection point (53) values of 55 % and
2.2 Pa for the yield strain and yield stress respectively.
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Fig. 5.16 Responses of oscillatory stress to an increasing oscillatory strain for 30 vol. %
oil-in-water Pickering emulsions stabilised by 0.7 wt. % titania at pH 6 (e) and
12 (e). Shaded areas indicate the variation in multiple measurements of these
emulsion systems.

data for these two emulsions, there is a significant difference in the strength of these two
emulsions. Both emulsions show an increase in the measured stress at low strain rates,
up to a point where the stress begins to level off in each emulsion. The stress at this
inflection point is another point that can used to describe the yield stress of the emulsion.
The fitting of power law curves above and below the inflection point allows a yield stress
to be determined. The yield strain values were found to be 0.55% and 55 % for the first
and second inflection points respectively. Each of these yield strain values were converted
to a yield stress value, giving 0.32 Pa and 2.2 Pa for the first and second inflections points

respectively.

Comparing the values of the yield stress for each emulsion demonstrates a further sig-
nificant difference in the strength of these two emulsions. At pH 12 the yield stress was
two orders of magnitude smaller than that for the pH 6 emulsion. This difference is again
attributed to being due to the differences in network structure formed within the emulsion

samples. At pH 6 the emulsions has been shown to have attractive interactions between
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Fig. 5.17 Fitted responses of oscillatory stress to an increasing oscillatory strain for
30vol. % oil-in-water Pickering emulsions stabilised by 0.7 wt. % titania at pH
6 (o) and 12 (e). Solid lines indicate the fittings that were applied to each
data, with B and (12 pointing to the inflection points (yield stresses) in the
stress response of the pH 6 (2.25 £ 0.50 Pa) and pH 12 (0.2 £ 0.1 Pa) emulsions

respectively.
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the oil droplets, which is anticipated to lead to a network structure forming throughout
the emulsion, increasing the measured yield stress of the emulsion. When the pH 12 emul-
sions are considered, the oil droplets will have repulsive interactions between each droplet.
These repulsive interactions will lead to little to no network structure forming between the
oil droplets. This lack of network lowers the bulk strength of the emulsion, leading to a

much lower measured yield stress.

The pH 6 emulsion exhibits multiple changes in the stress response as the applied strain
percentage is increased. The fittings applied, and the intersections of these fittings are
demonstrated in Fig. The yield stress values for each of the yield events were
measured as 0.48 Pa for the first inflection point (3¢), and 2.5 Pa for the second inflection
point (ﬁg). These demonstrate that the first yield event appears at lower strain than the
single value measured in Fig. This first yield event is due to the breakdown of the
attractive network between the flocs of droplets, into smaller components that are able
to move independent of each other. The secondary yield event demonstrated occurs at a
higher stress, similar to that evident in Fig. [5.17] This second yielding event is due to the

break-up of the flocs of droplets into single emulsion droplets.

5.3.3.2. Frequency analysis

In addition to altering the strain percentage applied to these two Pickering emulsions,
the applied frequency of oscillation was varied. This frequency sweep analysis allows the

elasticity of the emulsions to be measured and analysed. The results of these measurements

are shown in Fig.

Figure shows a notable difference between the pH 6 and pH 12 emulsions. The G’
and G” for both emulsions show little sensitivity to the increase in oscillatory frequency be-
low an angular frequency of 10rads~'. This insensitivity demonstrates the ability of each
emulsion to absorb the energy from the applied oscillations. As the applied oscillation fre-
quency is increased above 10rads™!, the pH 6 emulsion still shows very little change in the
G’ and G”, demonstrating the elastic strength of the attractive network structure present
in that emulsion system. In contrast, the pH 12 emulsion shows a significant increase in
both G’ and G” above the inflection point (20rads~!). This increase is indicative of the
emulsion no longer being able to dissipate the oscillatory deformations at such a high fre-
quency, leading to a stiffening of the emulsion material. This stiffening is due to the lack of
an elastic attractive network formed between the droplets, resulting in the droplets lock-

ing together, and becoming more solid like in their behaviour. The pH 6 emulsion does
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Fig. 5.18 Multiple yielding events as demonstrated in the fitted response of oscillatory
stress to an increasing oscillatory strain for a 30vol. % oil-in-water Pickering
emulsion stabilised by 0.7 wt. % titania at pH 6 (e). Solid lines demonstrate the
fittings applied to the data. 3} and (3 indicate the two inflection points of the
oscillatory stress response each of which is due to a distinct yielding process.
The first yield event (8¢) occurred at a stress of 0.48 Pa, significantly lower than
the second yield event (332) which was found to be 2.5 Pa.
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Fig. 5.19 Response of the elastic storage modulus (filled symbols) and the viscous loss
modulus (unfilled symbols) of 30vol. % oil-in-water Pickering emulsions sta-
bilised by 0.7 wt. % titania at pH 6 (e) and pH 12 (e) to an increasing oscil-
lation frequency at a oscillatory strain of 0.25%. Shaded areas indicate the
variation in multiple measurements of these emulsion systems.
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Fig. 5.20 Creep and creep recovery tests for a 30 vol. % oil-in-water Pickering emulsions
stabilised by 0.7 wt. % titania at pH 6. The creep is applied at the given stress
(see legend) for 300s, after which the applied stress is released for 60s. The
groupings of the data demonstrate the yield stress to be between 4.05Pa to
4.10 Pa.

not demonstrate this locking effect as the attractive network formed between the emulsion
droplets and titania nanoparticles is able to move in an elastic manner, storing the applied

energy.

5.3.4. Creep test and creep recovery

As has been described in Section the creep and creep recovery experiments
are another method that can be used to evaluate the yield stress where these are used
to measure a yield stress by establishing the stress at which the strain response of the
material increases dramatically over time. The results of this creep experiment for the pH
6 emulsion are demonstrated in Fig. [5.20]

As shown in Fig. [5.20] the yield stress was found to be between 4.05Pa to 4.10 Pa. This
was determined as the stress at which the two groupings of data were found to differ.
When stresses are applied below the yield stress of the material, the material does not

significantly move, indicating that the applied stress is absorbed elastically by the material.
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As the stress applied in each experiment is increased above the yield stress, the material
becomes unable to continue to store the applied stress elastically, and instead viscously
dissipates the energy by flowing. The recovery phase of each measurement below the yield
stress shows a small elastic bounce back as some of the elastically stored energy allows
the material to return towards its original state. Above the yield stress this behaviour is
not apparent; instead the material remains at the final strain, indicating that the material
in these cases has yielded, and has viscously dissipated the applied stress. Interestingly,
repeating the measurement at 4 Pa did not result in exactly replicated data. The origin of
this discrepancy is not immediately clear, although the variations in the measured creep
data throughout this thesis point towards the stochastic nature of measurements with
these emulsion systems. This highlights one of the difficulties with creep measurements for
the emulsion systems investigated in this work, with the range and variation in the data

obtained.

Creep experiments carried out on the pH 12 emulsions are shown in Fig. [5.21] These
creep experiments show multiple groupings of data, however the data does not appear

to show an unambiguous yield stress. Both Fig. [5.21a] and [5.21b] show data that are

inconsistent with each other. This is likely due to the low yield stress of this pH 12
emulsion leading to chaotic data particularly as it is likely close to the operational limits
for the rheometer setup used for these measurements. This is shown at by the ringing seen
in Fig. [5.2Ta] Ringing similar to this has been observed previously, and was attributed to
“inerto-elastic ringing” which is a result of instrument inertia artefacts. Another feature of
these pH 12 creep tests is the lack of a notable recovery phase in any of the measurements

[194].

The use of these measurements here has once again demonstrated that the creep experi-
ments can be a useful tool for the determination of the yield stress of the material in some
cases. The yield stress that was measured for the pH 6 emulsion was found to be about
4.05Pa to 4.10 Pa, between that of the oscillatory and flow rheology techniques. However,
these creep experiments can also fail in certain situations, and do not yield results that are
useful. This was shown with the pH 12 emulsion, where the creep experiments gave results
that were inconsistent, likely due to the low, and variable, yield stress of the repulsive pH

12 emulsion.
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Fig. 5.21 Creep and creep recovery tests for a 30 vol. % oil-in-water Pickering emulsions
stabilised by 0.7 wt. % titania at pH 12. The creep is applied at the given stress
(see legend) for 300s, after which the applied stress is released for 60 s.
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5. Using pH to manipulate the flow behaviour of Pickering emulsions

5.4. Comparisons and discussion

As has been discussed in the previous chapter, altering the interactions between the par-
ticles in a colloidal material can dramatically change the bulk properties of the materials.
In the previous chapter, the alteration of these interactions was carried out by adding salt
to screen the surface changes of a silica stabilised Pickering emulsion. The work carried
out in this chapter alters the interactions between Pickering emulsions but, in this case,
the interactions were altered by pH. The use of pH to alter the properties of an emulsion is
not a new area of study, with previous groups working with pH to not only alter the bulk
strength of Pickering emulsions, but to also de-emulsify Pickering emulsions on demand
[1. 4] 195-202]. The ability to control these emulsions with the simple addition of acid or
base allows the development of products that can exhibit novel and interesting properties.
This chapter has demonstrated a further method to alter the properties of an emulsion

material with variations in pH.

There have been many different Pickering stabilisers used to prepare emulsions since the
inception of Pickering emulsions over a century ago [66, 67, 89, 201]. The previous two
chapters investigated silica nanoparticles as a Pickering stabiliser. This chapter moved on
from silica nanoparticles, and utilised titanium dioxide nanoparticles. Titanium dioxide
(titania) has been used, both alone, and in combination with other Pickering emulsifiers in
order to stabilise emulsions [70, [72, [73] 203]. These previous works have shown that due to
the hydrophobicity of different types of titania nanoparticles, that the titania can be used
to stabilise Pickering emulsions. These previous works used microscopy, conductivity, and
light scattering methods. While these other works have shown the ability to prepare these
titania stabilised emulsions, they had not demonstrated the different rheological behaviour
of these materials. This chapter has worked to fill that gap, with new understandings of

how the structural properties of these materials can be altered through variations in pH.

The Pickering stabiliser used for the work in this chapter were commercially available
titanium dioxide nanoparticles, Eusolex® T-2000. These nanoparticles have a surface
chemistry that includes titanol groups, which allows the surface charge of the particles to
be altered through the addition of acid or base to the system. This surface charging effect
was investigated through a combination of pH titration and zeta potential measurements.
The pH titration demonstrated the buffer-like behaviour, with the theoretical calculated
pH of the suspensions matching the measured pH at low (< 5) and high pH (> 10), while

there is a linear buffer region where the measured pH is insensitive to the addition of acid or
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base between these two values (Fig. . This buffer region is expected to be a consequence
of the surface titanium hydroxide groups reacting with the added acid or base, which will
result in the surface of the nanoparticles becoming charged. The charging behaviour of
these particle suspensions at different pH levels was measured by zeta potential. The
zeta potential measurements demonstrated that as the measured pH increased, the zeta
potential decreased from a positive initial value, and became large and negative (Fig. [5.3).
This results from the deprotonation of the titanol surface groups, leaving an excess of Ti—O"
surface groups, giving the surface of the nanoparticles a net negative charge. As the pH is
increased past the buffer region of the nanoparticles (pH > 6), the net negative charge will
increase further. These changes in the surface charge with variations in pH demonstrate
the ability to tune the interactions between these nanoparticles in a controllable manner
and in turn alter the bulk properties of emulsions prepared with these titania nanoparticles

as a Pickering emulsifier.

Another feature of the titania stabiliser used throughout this chapter is the particle
shape. The titania particles used in this chapter are an ellipsoidal needle-like structure
with a length of 100nm, and a width of 20nm, giving an aspect ratio of 5. The effect
of anisotropic Pickering emulsifiers has been investigated previously by Madivala et al.
[155]. In this previous work Madivala et al. sets of Pickering emulsions prepared with
particle stabilisers with aspect ratios ranging from 1 to 9. They demonstrated that stable
Pickering emulsions can be prepared from high aspect ratio stabilisers. They investigated
the interfacial rheology of these anisotropic particles, and found that increasing the aspect
ratio resulted in the formation of more elastic monolayers. This increase in elasticity was
attributed to the attractive shape induced capillary interactions between the ellipsoidal
nanoparticles, which leads to the formation of aggregates [204]. These previous works
demonstrated the ability to form stable Pickering emulsions with the use of anisotropic
particles, and provide some understanding of the forces behind the formation of aggregates

at the droplet interfaces.

Titania stabilised oil-in-water Pickering emulsions prepared at pH 6 and pH 12 have

been compared throughout this chapter, and some key differences have been highlighted.

The emulsion prepared at a pH 6 has been demonstrated through the measurement of
zeta potentials and the subsequent DLVO calculation to display an attractive interaction
between the titania nanoparticles. This attractive interaction is best demonstrated through
the laser diffraction results presented in Fig. [5.7b] where the droplet size distribution is

multi-modal (with peaks centred at about 30 pm and 100 pm, an indication of flocculation of
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the droplets. Confocal microscopy demonstrated oil droplets coated with full particle shells,

however there did not appear to be an excess of titania nanoparticles in the continuous

phase of this system (Fig. |5.8al).

The attractive interactions between the titania particles of the pH 6 emulsion influenced
the rheological properties of the emulsion system. The influence of this attractive inter-
action was demonstrated in the viscous flow rheology, where the low shear viscosity was
700 £ 200 Pas, significantly greater than that of the components of this emulsion system
(the viscosity of water is ~8.9 x 107% Pas, and dodecane is ~13 x 10~* Pas). This demon-
strates that the attractive interactions between the emulsion droplets has contributed sig-
nificantly to the structure of the emulsion system through the formation of a network

structure.

The elasticity of this network was demonstrated through oscillatory rheology. The strain
dependence of G’ and G” for the pH 6 emulsion, shown in Fig. demonstrates signifi-
cant elastic structure, as seen by the magnitude of the G’ in the linear viscoelastic region.
The formation of an elastic network within an emulsion system with attractive interac-
tions between the droplets is not a new phenomenon, and the data presented here shows
similar traits to those seen previously [8, 12, 13| [90, 142] I7T]. As discussed in Chapter ,
work by Katepalli et. al. [§], investigated how the use of fumed or spherical silica as Pick-
ering stabilisers effected the rheology of attractive, or repulsive emulsion systems. They
demonstrated that the shape of the particles used had a significant effect on the magni-
tude of G’ and G”, and the response over the range of strains applied. This was seen with
a fumed silica particle affording the emulsion a much greater elasticity when compared to
the data presented using spherical silica particles when both systems display net attractive
interactions between the particles. Katepalli attributed this difference to the interlock-
ing nature of the fumed silica nanoparticles, which results in the formation of an elastic
network between the emulsion droplets, and through the excess silica in the continuous
phase. This elastic network is not apparent to the same extent when the spherical silica is
considered, resulting in lower measured rheological parameters. Katepalli attributed this
lowered elasticity to the lack of any volume-filling network formed between the spherical

silica particles.

The results reported by Katepalli [§] demonstrate the significant differences that particle
shape can have on the rheology of a Pickering emulsion system, and bears similarities to
the results presented in this chapter. The titania particles used to stabilise the emulsions

presented in this chapter are not spherical however, they are a uniform, smooth ellipsoidal
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particle, as shown in Fig. p.5] Despite these differences in particle shape, the rheological
properties of the titania stabilised emulsions and the spherical silica stabilised emulsions
presented by Katepalli were found be similar, an indication of similarities between the
droplet network structure in each system. The network formed in the pH 6 emulsion
is expected to be comprised only of droplet-droplet interactions, rather than the elastic
network of particles and droplets that are often seen in other Pickering emulsions (e.g.
Chapters |3 and . Oscillatory rheology measurements of the pH 6 titania emulsions
uncovered similar results to that of Katepalli, with a limited viscoelastic region in response
to an increasing strain, before the emulsion yields through what appears to be a two-step
process. These multi-stage yielding processes have been discussed in Chapter[d] and are the
result of two distinct microscopic processes, a network breaking, and a cage breaking event,
as outlined in Fig. The two yielding processes were demonstrated experimentally
by each of the inflection points in the curve and have a yield stress corresponding with
each. The initial inflection point is the result of the break—down of the network into flocs
of attractive droplets. The second inflection point was a result of the break—down of the
flocs present in the system, into individual oil droplets that are able to move independently

of each other [12] 13} [15].

The pH 6 emulsion demonstrated an elastic network structure across the range of other
rheological measurements carried out in this chapter. This included the response of the
shear stress to an increasing shear rate (Fig. [p.11). With this, the stress response was
found to be linear, with little change in the measured stress across the range of applied
shear rates. This was attributed to the emulsion not fully yielding at the shear rates
applied. The data were not fitted with the Herschel-Bulkley or Bingham models due to
the linear shear stress response; instead an average was used and a yield stress of 6 + 2 Pa
was extracted. This is yet another demonstration of the strength of the network formed

between the emulsion droplets in this system.

When the pH 12 emulsion was considered, it is clear that there are significant differences
in the structure when compared to the pH 6 emulsion. These differences are expected
due to the zeta potential and DLVO calculations demonstrating a repulsive interaction
between the titania particles. This repulsive interaction was found to alter the droplet
size distribution measured by laser diffraction (Fig. , with a monomodal distribution
centred at approximately 30 pm. Confocal microscopy of the pH 12 emulsion provided an
interesting insight into the distribution of titania particles surrounding the oil droplets.

In comparison to the complete shells of titania seen in the pH 6 system (Fig. |5.8a)), the
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Fig. 5.22 Schematic diagram demonstrating the multi-stage yielding process that occurs
in an attractive Pickering emulsion stabilised by titania nanoparticles. Arrows
indicate the shear applied to the sample. Titania particles and oil droplets are
not drawn to scale in this diagram. The orientation of the particles at the inter-
face presented is a schematic, the actual orientation is unknown. (a) Unyielded
emulsion with a network structure formed between the droplets, with no excess
titania shown in the continuous phase. (b) Flocs of oil droplets demonstrating
the first yielding step that attractive colloidal materials can display, with flocs
of droplets breaking away from the full network. (c) Fully yielded emulsion
demonstrating droplets with no floc structures present.
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particle shells in the pH 12 emulsion appeared incomplete although sufficient to impart
stability against coalescence in quiescent emulsions (Fig. , with aggregates of titania
remaining in the continuous phase. This incomplete shell appears to have resulted in the
emulsion becoming less stable when exposed to high shear, resulting in the range of shear

rates applied being limited [54].

The rheology of the pH 12 emulsion demonstrated the limited strength of any network
that forms between the droplets. This was first shown by the low shear viscosity of the
system (0.7 + 0.3 Pas), roughly three orders of magnitude lower than that of the pH 6
system (Fig. [5.10). This demonstrates that there is limited friction between the emulsion
droplets, allowing the system to flow with relative ease. It is important to note however
that this value is still greater than the viscosities of the component liquids by about three
orders of magnitude. The shear stress response was also evident from the flow rheology
(Fig. , and was shown to increase slightly across the range of shear rates applied, until
there was a slight dip at the upper limits of the applied shear. The decrease in the stress in
the pH 12 response at high shear rate is likely due to unstable flow, leading to shear banding
or phase separation [205] 206]. The shear stress response was fitted with three different
models to extract yield stress values, an average at low shear rates (0.008 & 0.002 Pa), a
Bingham curve (0.008 4= 0.005 Pa), and a Herschel-Bulkley curve (0.004 + 0.003 Pa). Each
of these demonstrates the limited force required to initiate flow in this emulsion with
repulsive interactions between the oil droplets, further indicating the lack of significant

particle structure present in the continuous phase of the system.

Oscillatory rheology of the pH 12 emulsion further demonstrated the limited structure
present in the system. The response of G’ and G” to an increasing strain demonstrated data
that was approximately three orders of magnitude lower than that of the pH 6 emulsion
(Fig. [5.13). In addition to the lower magnitude, the shape profile of G’ and G” was also
found to be significantly different. The pH 12 emulsion demonstrated a limited linear
viscoelastic region, before a single yield event occurs as the system transitions into a
viscous regime. The yield stress values obtained from the oscillatory rheology were larger
than those measured via the flow methods, with the yield stress from the inflection point
at 0.03 £ 0.02 Pa, and the crossover point at 0.04 & 0.02 Pa. The frequency response of G’
and G” for the pH 12 emulsion did display some interesting features. At low frequencies
the G’ and G” values were found to be similar, an indication that the system is almost
fluid-like at this point. As the applied oscillatory frequency was increased, the material

began to demonstrate viscoelastic behaviour, with the G’ being larger than the G”. At
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high frequencies both G’ and G” increase, demonstrating what could be considered strain-
hardening behaviour. This behaviour has been observed previously, and was thought to
be due to a transition to a glassy state; with the material becoming unable to viscously
dissipate the applied strain at the measurement frequency [I03]. This glassy state transition
results in the materials becoming more solid-like [103].

This chapter has reported the development of a new tuneable Pickering emulsion system,
and has investigated the structure and rheology of these systems. In contrast to the work
reported in Chapters |3 and {] the stabiliser used to form these emulsions does not appear
to have formed a volume-filling network throughout the continuous phase of the emulsions.
The tuning of the interactions between the nanoparticle stabilisers used here resulted in
some interesting changes to the particle distribution surrounding the oil droplets, which
altered the shear stability of the emulsion system. In addition to altering this distribution,
the tuning of the interactions between the particles has been demonstrated to dramatically
affect the rheological properties of the emulsion systems, with the attractive emulsion
(pH 6) demonstrating significantly more elastic structure when compared to the repulsive
system (pH 12). The ability to control the properties of these emulsions, and create systems
with altered stabilities is something that may be very useful for future developments.
The next chapter will compare the results presented here with the other chapters in this
work, while also drawing some overall conclusions about the progress made, before finally

providing some future direction based on the research presented.
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6.1. Introduction

The work in this thesis has centred on developing an understanding of the rearrangement
processes under shear that occur in Pickering emulsions with attractive or repulsive inter-
droplet interactions. This chapter will summarise how this has been carried out though
a selection of emulsions prepared with a range of interparticle properties, and the specific
techniques used to understand their properties. Additionally, comparisons are made with
work carried out by previous workers, demonstrating the similarities and differences be-
tween the emulsions presented here, and those previously studied. Finally, areas in this
research that could be expanded upon, as well as possible avenues of investigation that
may yield interesting results in future studies are outlined.

This work started with developing an understanding of the multiple methods used for
measuring and classifying the “yield stress” of Pickering emulsions (Chapter [3). This work
was based on an approach taken in a previous study of surfactant stabilised emulsions
[I3T]. The results for Pickering emulsions obtained in the present work demonstrated yield
stress values which varied significantly with the range of methods utilised (approx. 0.5
to 1 order of magnitude difference between the measured values at different oil volume
percentages). This is similar to the results obtained by Dinkgreve et al., where they
investigated surfactant stabilised emulsions, and found that the method used significantly
altered the yield stresses measured (approx. 0.5 order of magnitude difference between
the measured values across the range of oil volume percentages presented), demonstrating
that care must be taken when making comparisons between the yield stress properties of
emulsion systems [131].

Over the course of the present investigation multi-stage yielding features became appar-
ent in the amplitude sweep rheological data for these silica stabilised emulsions across a
range of oil volume percentages, an indication of structural rearrangements in the emulsion

systems. The multi-stage yielding features were investigated by preparing emulsions with
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tuneable interactions between the Pickering stabilisers, ranging from repulsive to attrac-
tive interactions (Chapter . This was carried out by varying the NaCl concentrations
of the aqueous phase of an o/w emulsion system stabilised by fumed silica particles, in
order to alter the Debye length of the material, in turn selectively creating attractive or
repulsive interactions between the emulsion droplets. These changes in interactions were
utilised to understand the multi-stage yielding that has been observed in concentrated sur-
factant stabilised emulsions previously [142]. The work carried out here aimed to identify
and develop a greater understanding of the microscopic rearrangement processes that occur
during these multi-stage yielding processes, while demonstrating the ability to control the
bulk physical properties of silica stabilised Pickering emulsions [54] 68, 89 [160, 207, 208].

Following this, a second o/w emulsion system was prepared and the rheological properties
were investigated (Chapter [5). The bulk rheological properties of this emulsion system
were also varied, this time by varying the pH of the aqueous phase, leading to changes
in the surface charge of the Pickering stabiliser. Alterations to the surface charge of
the stabiliser allowed for the interactions between the particles ranging from attractive
to repulsive. These variations were found to demonstrate multi-stage yielding properties,
which were shown throughout a number of rheological measurements. This second emulsion
was stabilised by a smooth needle-like titania nanoparticle. The work presented in this
thesis is thought to be the first investigation into the rheological properties of attractive
and repulsive Pickering emulsions stabilised by titania nanoparticles. As such, this presents
an important step forward in the understanding of both titania stabilised system, and
Pickering emulsions with tunable properties.

This chapter outlines some of the main comparisons, both within the work carried out
here, as well as with previously published results. General conclusions on the work carried
out in this thesis are presented, before finally some future directions are proposed for
further development of tuneable Pickering emulsions, with discussions of areas of research
that will aid in fully understanding the yielding processes that have been shown in this,

and previous works.

6.2. Comparisons

The questions that influenced the experiments conducted in Chapter 3| revolved around
how to best define, and measure, the yield stress of Pickering emulsions. This required a
range of rheological experiments be carried out on a number of silica stabilised Pickering

emulsions with varied volume percentages of the dispersed phase. The resulting data
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showed a strong dependence between oil volume percentage and the key data measured,
such as the yield stresses, viscosities, and elasticities. This increase in rheological properties
with the oil volume percentage is similar to that seen in a range of other rheology studies
on materials including polymer blends, gels, food additives, and concentrated emulsions

[209H213]. The dependence of the yield stress on oil volume percentage was fitted with

124+2.4

Equation , which demonstrated a power law relationship of o, ~ oy0 + ¢, when

17+2.2
oil

measured by viscous flow methods, and oy ~ oyo+ ¢ when measured with oscillatory
methods. Both the oil droplets and the excess silica particles (silica particles located in
the continuous phase not at the oil-water interface) contribute to the structure in the
emulsion, resulting in changes to the rheological properties. As the oil volume percentage
in the emulsion increases, the concentration of the excess silica in the aqueous phases also
increases (as a consequence of the emulsion dilution), making it difficult to separate the
effect of each. The increase in oil volume percentage and excess silica leads to the formation
of network structures throughout the emulsion system (as shown by microscopy), adding
significantly to strength of these low volume percentage emulsions. The effects of weight
percentage of particle suspensions, and the oil volume percentage of emulsion systems had
been previously investigated by Dinkgreve et al. [I31]. These workers demonstrated a
relationship of o, ~ (wt. %)11® between weight percentage of a particle suspension and
the yield stress of the system. The relationship between oil volume percentage and the
yield stress was o, ~ (@0 —64.5%)2, where 64.5% is the random close packing percentage.
Studies reported by Buscall et al. [214] 2T5] investigated the effect of volume percentage
on strongly-flocculated suspensions of fractal-like nanoparticles. In this investigation they
demonstrated a relationship between both compressive and shear yield stresses, and volume
percentage of the suspensions. They found that the shear yield stress scaled according to
Oy ~ ¢3a~2, with a being the particle radius. It was suggested that this scaling behaviour
occurs as a result of the fractal aggregates that form the network structures throughout the
material. The relationships these researchers established are significantly less dependent
on volume fraction when compared to those presented in this work, indicating significant

interactions between the particle-coated Pickering emulsion droplets and the excess particle

network present in the systems prepared for this thesis.

Previous works by Ganley and van Duijneveldt [90] demonstrated that the oil droplets in
Pickering emulsion systems can either interact with a nanoparticle network, or disrupt the
nanoparticle network as a non-interacting filler. This effect was demonstrated by a scaled

storage modulus increasing with oil droplet concentration when droplets are interacting
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with the network. Conversely, when the filler droplets do not interact with the particle
network the scaled storage modulus is shown to decrease with oil droplet concentration. In
the work presented here the linear viscoelastic region storage modulus is found to increase
with droplet concentration (Fig. , indicating that the droplets are interacting with the
network structure that is comprised of the excess silica particles in the emulsion system

(similar to what is proposed in Fig. [1.9).

Another notable difference between the data presented by Dinkgreve et al. [I31] and
the work here is the volume percentages of emulsion systems investigated. The emul-
sion systems investigated by Dinkgreve et al. were highly concentrated, with oil volume
percentages ranging from 66 to 78vol. %, greater than those investigated in this work
(25 to 50 vol. %). The emulsions investigated by Dinkgreve et al. were all above the ran-
dom close packing percentage of ~64.5vol. %, leading to close contact, and deformation
of the emulsion droplets. In comparison, the emulsions presented in this work had volume
percentages lower than the random close packing percentage, indicating that the emulsion
droplets will not necessarily be in close contact or forced to deform due to packing. Despite
the more dilute nature of the systems in this work, aggregation of both emulsion droplets
and the nanoparticle network were shown through a number of microscopy techniques. Ag-
gregation of components has been demonstrated to contribute to the significant elasticity
of some Pickering emulsions systems well below the random close packing volume [216].
This was found to be the case throughout the present work as shown through the rheo-
logical properties of the systems investigated, with significant increases in the measured

properties as both the oil volume percentage and particle concentration were increased.

Five different methods (viscous flow curve, storage/loss moduli cross—over, inflection
point in the storage modulus, inflection point in the stress-strain curve, and creep/creep
recovery) were utilised to measure the yield stress of the emulsions studied in this work, with
each method resulting in slightly different average values. Figure [3.13| shows the resultant
values of the yield stress measured by each method. This demonstrated that the two creep
experiments both established the highest values for the yield stresses measured. This is in
contrast with the data reported by Dinkgreve et al., where the creep experiments gave one
of the lower yield stress values [I31]. They found that the Herschel-Bulkley fitting of the
flow curves resulted in the lowest yield stress values. This was not the case with the results
obtained in this thesis, where each of the flow curve fitting methods gave significantly higher
yield stress results when compared to the oscillatory methods. This was an unexpected

result as the yield stresses measured (the static yield stress) is the minimum stress required
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to initiate flow in a material, as opposed to the dynamic yield stress which is the stress
at which the material transitions from having liquid-like to solid-like properties [132] [133].
There is often a difference in the measured value between the static and dynamic yield
stress due to the method with which each value is obtained. Measurements of a dynamic
yield stress for these materials may have resulted in a lower stress values; however, these

measurements were not carried out in this work.

Fitting of stress-strain curves and the storage moduli of the strain sweep resulted in lower
yield stress values than the other methods utilised. This was due to these intersection points
being the point at which the emulsions begin to display liquid-like behaviour. Finally, the
crossover of the storage and loss modulus gave yield stress values that bridged between
the two extremes. While the yield stress values from this were not as large as those
obtained from the flow curve measurements, the values are not considered here to be an
accurate measure of the yield stress. This is due to the significant viscous dissipation that
is underway at the point of crossover, indicating that the materials have already begun
yielding. This viscous dissipation is thought to arise from the network structure between
the emulsion droplets being stretched, and fracturing, leading to the separation of emulsion
droplets from the bulk network structure. As the strain applied to the material increases,

the network structure continues to break-down, until the system is completely yielded.

During the measurement of the yield stresses across the range of oil volume percentages,
some interesting multi-stage yielding features were found in the rheological results. A
broad peak observed in the loss modulus of Fig. at certain volume percentages was
taken as evidence of multi-stage yielding. These multi-stage yielding features demonstrated
in the rheology of silica-stabilised emulsions was further investigated. This was carried
out by altering the interaction energies between the silica nanoparticles stabilising the
emulsions. The interaction energies were systematically varied through alterations of the
Debye length, achieved by the addition of salt which screens the surface charges present on
the nanoparticles. Similar screening effects have been noted with silica previously where
the stability of silica suspensions was studied (i.e. not Pickering emulsion systems) |24 [57].
One of these previous results investigated the surprising stability of suspensions of silica
nanoparticles, and noted that this stability was likely due to the hydration forces that are
not considered in the classical DLVO theories. Chen et al. [57] noted that the addition of
salt (or a decrease in the pH) to an aqueous suspension of silica nanoparticles results in a
decrease in the repulsive interactions between the particles. This was also found to be the

case in the present work with Pickering emulsion systems. In addition to calculating the
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interaction energies between nanoparticles, Chen et al. [57] found that the addition of salt
significantly increased the elasticity of the silica suspensions as measured with a frequency
sweep measurement. The increase in the elasticity was also demonstrated in the present
work with silica stabilised Pickering emulsions in Chapter , where the attractive (high
salt, 1.66 M) emulsions were found to be far more elastic and viscous than the repulsive

(low salt, 1 x 1074 M) emulsions.

These attractive and repulsive emulsions were prepared with the goal of further in-
vestigating the multi-stage yielding processes previously reported in emulsion (and more
broadly, colloid) systems [8], [12), 13} [T42]. Multi-stage yielding was seen in the intermedi-
ate salt emulsion presented in this work, but were not apparent in the high salt system.
Interestingly however, the high salt system had a very broad single peak in the loss mod-
ulus. This is interpreted here to be due to the yielding events occurring at very similar
yield stresses, and as such, overlapping in the resultant data. Multi-stage yielding be-
haviour similar to this has been seen previously in two sets of Pickering emulsion systems
[8]. In this previous work, a single broad yielding event was seen in the oscillatory rheol-
ogy of a fumed silica stabilised 50 vol. % oil-in-water Pickering emulsion in 50 mM NaClL.
Katepalli et al. [8] also reported the oscillatory rheology profile of a spherical silica sta-
bilised 50 vol. % oil-in-water Pickering emulsion in 50 mM NaCl to demonstrate two yield-
ing events. The systems investigated by Katepalli et al. were prepared at a higher volume
percentage than those prepared in this work, and demonstrated an increased elasticity.
This increase in elasticity compared to the emulsions presented in the present work is ex-
pected to be due to the increase in the oil droplet concentration, increasing the contact
between emulsion droplets. In addition to these Pickering emulsions, which were prepared
at oil volume percentages below the random close packing percentage, concentrated sur-
factant stabilised emulsions have also demonstrated multi-stage yielding behaviour [142].
Datta et al. reported that surfactant stabilised emulsion systems with attractive inter-
actions can demonstrate multi-stage yielding processes when the oil volume percentage is
above the random close packing percentage. These peaks are attributed to two different
yielding processes that occur; a network breaking, and then floc breaking events. Overlap
of the two yielding events was also proposed to occur in certain cases in the data presented
by Datta et al. [142] where, as the oil volume percentage was decreased, the yield events

moved to closer strain percentages, eventually presenting as a single peak.

As the study of the rheological properties of attractive and repulsive titania stabilised

Pickering emulsions in the present work is thought to be the first investigation into the
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rheology of titania stabilised emulsions, comparisons to previous or similar results cannot
be made. Instead of this, comparisons are made to previous colloid and emulsion systems
that have the interactions between the particles or droplets altered. Previous investigations
have demonstrated that changes in pH can significantly alter the mechanical properties of
an emulsion [49] 69 208] 217-222]. A number of these studies have demonstrated differences
in the rheological properties of these pH altered systems [49, 217, 218]. These studies found
that as the pH is altered, the surface charge of the emulsion stabiliser (or gel particles)
is also changed. As the surface charges of these systems tend to zero, the interactions
between the particles in the systems become attractive, leading to systems that display an
increase in solid-like behaviour. These effects were demonstrated in the titania stabilised

emulsions shown throughout this work.

In addition to making the obvious comparisons with pH altered colloidal systems, com-
parisons to ionic strength altered systems were made. As has been discussed throughout
this work, Katepalli et al. have demonstrated the effect that changes in salt concentra-
tion have on two separate emulsion system, one stabilised by fumed silica, and one by
spherical silica nanoparticles [8]. A comparison has been made between the spherical sil-
ica results presented by Katepalli et al. and the titania stabilised emulsions prepared here.
While the titania and spherical silica nanoparticles are different in terms of overall shape
(titania is a needle-like ellipsoid, while the silica is spherical), these are smooth, regular
particles, leading to particle networks which are proposed to not have the interlocking ca-
pability of fractal-like fumed silica particles. In comparison, the fumed silica nanoparticles
used both in Chapters [3| and [4 as well as by Katepalli et al. have an irregular, fractal-like
shape, which are proposed to result in an interlocked network forming between the parti-
cles. These differences in the particle morphology have in both the work by Katepalli et
al., and the work presented here appeared to result in significant differences in the rheolog-
ical properties of the prepared emulsions, demonstrating that the effect of particle shape
and roughness could be an interesting area to investigate further. Katepalli et al. found
the fumed silica particle coated emulsions to have a G’ value of the linear viscoelastic re-
gion that was approximately an order of magnitude larger than that of the spherical silica
stabilised emulsion. In addition to the difference in magnitude of the results, the shape
of the G’ and G” responses also differed, with the spherical silica yielding at much lower
strains, through a clear multi-stage yielding process. The fumed silica demonstrated an
elastic structure over a wide strain range, before yielding with a broad single peak in the

G" response. These differences were attributed to the excess fumed silica particles forming

179



6. Summary and conclusions

a volume filling network throughout the continuous phase of the emulsion, a feature that

was not determined to happen with the spherical silica.

Similar comparisons can be made between the silica stabilised, and titania stabilised
emulsions demonstrated throughout the work presented here. The fumed silica nanopar-
ticles used in Chapters [3] and [] have been shown to develop extensive particle networks
throughout the continuous phase when the interactions between the particles are attractive
with confocal microscopy, and cryo-SEM. In comparison, the titania stabilised emulsions
reported in Chapter [5] did not demonstrate a particle network throughout the continuous
phase when the interaction between the nanoparticles was attractive. It is proposed that
these differences in the network structure in the continuous phase result in alterations to
the rheological properties of the emulsions. One demonstration of this is the values of G’ in
the linear viscoelastic region for each emulsion. Both the attractive silica stabilised emul-
sions (20 vol. %) reported in Chapter[d] and the higher volume percentage titania stabilised
emulsion (30 vol. %) reported in Chapter [5| were found to have a G’ value in the region of
100 Pa. As the volume percentage of the titania stabilised emulsion was greater than that
of the silica stabilised system, it would be expected that the G’ value would increase ac-
cordingly. Due to the differences in network structure present in the continuous phase, this
increase has not occurred. Instead, the titania stabilised emulsion is found to be weaker
when compared to the silica stabilised system (yield stresses of approximately 14 Pa for the
attractive silica stabilised system, compared to <2 Pa for the attractive titania stabilised

system).

Comparing the response of G’ and G” to variations in applied frequency for the attractive
silica and titania emulsion systems gave an interesting insight into their elastic behaviour.
The attractive silica-stabilised emulsion studied in Chapter 4| showed a difference in G’ and
G" of up to two orders of magnitude as the frequency of the oscillations was varied (Fig.
. This demonstrated the significant elastic strength of this system, a likely result
of the network formed between the emulsion droplets and silica in the continuous phase.
The attractive titania-stabilised emulsion system investigated in Chapter [5| demonstrated
a different response of G’ and G” to variations in the applied oscillation frequency (Fig.
[5.19). While G’ was still larger than G” across the full range of frequencies investigated,
the magnitude of this difference was reduced, with G’ up to one order of magnitude greater
than G”. This indicates that the attractive titania-stabilised emulsion system is still elastic,
but the strength of this elasticity is reduced. This reduced elasticity of the titania-stabilised

system is proposed to be due to the lack of an interacting network between the oil droplets
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and any excess stabiliser in the aqueous phase.

6.3. Conclusions

This work has investigated a range of properties and effects that are shown in a num-
ber of Pickering emulsion systems. This started with investigations into methods for the
measurement of the yield stress of Pickering emulsion materials. From this investigation,
it was demonstrated that the chosen definition of the yield stress can alter the yield stress
values obtained. The fitting of the inflection point from the linear viscoelastic region and
shear-thinning region of the oscillatory rheology methods fit well with the yield stress def-
inition of being the point at which a material begins to flow in a viscous manner. As the
linear viscoelastic region is the region in which the material behaves in a solid-like manner
before viscous dissipation occurs, the inflection point at the end of this region aligns well

with the yield stress definition.

The flow curve methods that were used to measure the yield stress gave consistently
high yield stresses in Chapter 3, compared to those reported by others for near-comparable
systems [I31]. While these methods are a fast, and commonly used method to measure the
yield stress of a material, they do require extrapolation in order to quantify a yield stress
from the material [223]. The creep and creep recovery experiments have demonstrated
to be a useful, albeit cumbersome tool, largely due to the time required to carry out the

measurements.

The ability to significantly alter the bulk rheology properties of an emulsion by either
altering the Debye length through the addition of salt (Chapter , or by altering the sur-
face charge of the Pickering emulsifiers (Chapter |5)) was demonstrated in this work. It was
shown through DLVO calculations that the interaction energies between the nanoparti-
cles coating the Pickering emulsion droplets can be altered in a predictable manner. These
alterations lead to significant changes in the elasticity of these emulsions. The effect of par-
ticle shape on the strength of the resultant emulsions has also been demonstrated through
comparisons between Chapters [4] and b} with the fractal-like fumed silica particles leading
to the development of extensive elastic networks throughout the emulsion systems. This
work adds to the sets of controllable colloids that have been previously demonstrated. The
control of emulsion materials such as these open up the opportunity to develop products

or procedures that require specific properties into the future.
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6.4. Future work

The measurement of the yield stress of Pickering emulsions was demonstrated through
a number of methods in this work, with the choice of method affecting the resultant value.
This outlined the fact that different definitions of the yield stress alter the choice of the most
appropriate method to measure the yield stress. The yield stresses that were measured
with the flow curve experiments in this work were a static yield stress. The static yield
stress is defined as the minimum stress required before flow begins from a static state.
This differs from the dynamic yield stress, which is the stress at which the material will
cease to flow. If a material is thixotropic, the static yield stress will often differ from
the dynamic yield stress. In order to compare these two yield stresses, it is common to
measure a Hlow curve with both an increasing and decreasing applied shear. In this work,
the shear was applied in an increasing manner, and not in the reverse. Repeating these
experiments with the measurement of the dynamic yield stress may add extra information

to the understanding of these emulsion materials.

One of the centre points of this work has been the demonstrations of the ability to control
the bulk rheological properties of Pickering emulsions, through control of the aqueous
continuous phase. The ability to control the flow and structural properties of an emulsion
system on demand in a predictable manner is a vital tool that may find further use in a
range of commercial or industrial processes, such as cosmetic and food manufacture, or oil
recovery. One current limiting factor for this however is the range of emulsion stabilising
materials that demonstrate these novel and useful properties. Currently, these changes
in the properties of these systems are seen throughout the previous and the present work
to be specific cases, with specific oils, Pickering stabilisers, and aqueous phases. These
specific cases are an important starting point for future research into other (Pickering)
emulsion materials with a range of oils, stabilisers, and aqueous phases, such as food-safe

ingredients, or heavy oils.

It has been demonstrated in this work that the nanoparticles used to stabilise Pickering
emulsions can have a large effect on the bulk properties of the systems. As was mentioned
in the comparisons presented in this chapter, understanding the effect of particle shape
and surface roughness is an area that could be further developed. It is hypothesised here
that an increase in the surface roughness of the nanoparticles would lead to an increase in
the interactions between neighboring particles, and therefore lead to larger changes in the

bulk rheological properties measured. Modification of nanoparticles to increase the steric
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interactions between the particles could be carried out in a number of ways, including
chemical modification or etching of the surfaces, mechanical grinding of microscale parti-
cles, or through heating processes similar to that used in the preparation of fumed silica.
Characterisation of the surface roughness of nanoparticles can be achieved through the
use of electron microscopy techniques. The effect of this roughness would be best under-
stood in a simple colloidal dispersion, with the nanoparticles dispersed through a liquid
phase, with the viscous and elastic properties of such a material providing insight into the
interactions between the nanoparticles, before investigating the use in Pickering emulsions.

In addition to understanding the effect of the shape and surface roughness of the Picker-
ing stabilisers, the effect of particle loading on network formation and emulsion structure,
is an area that could be explored with rheological methods. The particle loading of the
Pickering emulsions prepared for Chapter [3| was altered (from 2.5wt. % to 5wt. %) as a
consequence of dilution of the emulsions, and the rheological properties of the systems were
demonstrated to change. Indications of the expected trend in the rheological data were
seen, with the elasticity decreasing as the particle loading was lowered. However, the oil
volume percentage was also decreased, so the relative contribution of each component to
the overall is not able to be quantified. Future work could quantify the contribution to
the bulk rheological properties of nanoparticle suspensions, separating the effect which the
particle concentrations have on the physical properties.

Finally, the microscopic imaging of the multiple yielding events shown in both Chap-
ters {] and p| would provide insight into the structural rearrangements occurring during
these yielding events. These yielding events are attributed to two different specific yield-
ing events that are proposed to occur in colloidal materials with attractive interactions
between the particles. Other groups have described this in the past, specifically for col-
loidal glasses and surfactant stabilised emulsions [12-15] [142] [167]. Despite this interest,
and thoughtful descriptions of what may be occurring in these materials, to the best of the
author’s knowledge, no successful imaging of these two yielding processes has occurred.
The main limitations in imaging these interactions revolved around the speed at which the
emulsion droplets are moving at strains close to the yielding events. The speed of these
droplets, coupled with the current standard camera frame rates available has made the
imaging of these emulsions complex. Future improvements in camera technologies, imag-
ing techniques, or experimental methods may allow the accurate measurement of these
yielding events, and may finally lead to a definitive understanding of the yielding processes

occurring in these complex soft materials.
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