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Abstract

Over the past couple of decades interest in particle-stabilised emulsions or

Pickering emulsions has greatly increased. When using particles as stabilisers,

as opposed to surfactants, the interface becomes more rigid and this can lead

to interesting physical properties. In addition, the resulting emulsions are found

to be longer-lived garnering commercial interest. This thesis aims to explore

the mechanical properties of some specific systems containing particle-stabilised

interfaces.

The main system investigated was the bicontinuous interfacially jammed emulsion

gel or bijel. The bijel has two continuous interpenetrating liquid phases separated

by a particle-stabilised interface. Therefore, the structure has a very large

interface in a fairly small volume and the pore size is under the experimentalist’s

control giving it promise in a variety of applications, particularly those based

on catalysis. The response of bijels stabilised by either spherical particles or

anisotropic rod-shaped particles to centrifugal compression has been investigated

in this thesis. It was found that, in both cases, the structure was distorted

to create anisotropic particle-stabilised sheets orientated perpendicular to the

force. The original method for fabricating bijels involves the arrested spinodal

decomposition of partially miscible liquids. This method requires partially

miscible liquid pairs and particles that are equally wetted by each phase. Due to

these requirements, a new method for making bijels using mixing was developed

by others and the bijel made by mixing has been tested with oscillatory rheology

combined with imaging and squeeze flow experiments. It was found that at low

strain the bijel displayed solid-like behaviour and the structure remained intact

until well past the yielding point.

In addition, two further systems were investigated. The first system was

rod-shaped particle-stabilised emulsion droplets that stick together by particle

bridging. Bridging is where one particle can stabilise two droplet interfaces,
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preventing coalescence and leading to droplet clusters. Particle bridging was

found to occur regardless of shear rate, particle volume fraction and to some

extent aspect ratio with these anisotropic rod-shaped particles. This behaviour

is hypothesised to be a consequence of the charged nature of the silica surface

above pH 2. The second system was large particle-stabilised water droplets that

can sprout tubes by the partitioning of solute from a bath into the droplet. By

using different solutes and mixtures of different alcohols, the key requirements

for sprouting behaviour have been ascertained. The most important requirement

was found to be achieving the correct balance between the interfacial tension and

the amount of solute partitioning into the droplet.
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Lay Summary

Oil and water simply do not mix but sometimes it is necessary for them to be

mixed, for example when making salad dressings. A mixture of two such liquids

that do not mix is called an emulsion and it usually consists of lots of very small

droplets of one of the liquids floating around in the other. An emulsion can be

made by shaking up a bottle containing both oil and water but the emulsion is

only temporary and the oil and water quickly separate back out into two distinct

layers. Therefore, in order to make a longer-lived stable emulsion something

called an emulsifier needs to be added. These can be surfactants, which are a

type of molecule containing a part that likes the oil and a part that likes the

water joined together, or very small solid particles.

This thesis explores the use of these stabilising particles in different situations and

investigates the strength of the resulting emulsions. The majority of this thesis

studies a specific type of emulsion called a bijel. Rather than droplets of one of

the liquids in the other, in the bijel both liquids are continuous in a structure

similar to that of a natural sponge with the solid sponge representing one liquid

and the air within the sponge representing the other. It is possible within either

liquid to move from one place to another without crossing into the other liquid

and therefore both liquids are continuous. These structures are of great interest to

study because the interface between the two liquids has a large surface area, which

is contained within a small volume, and it is possible to contain two liquids in

separate but continuous channels. Three of the chapters in this thesis explore the

strength and stability of the bijel made using two different methods and stabilised

by either spherical or rod-shaped particles. Another chapter investigates droplet

emulsions stabilised by different sizes of rod-shaped particles and how these can

stick the droplets together by sitting at two droplet interfaces. The last chapter

studies the behaviour of one large particle-stabilised water droplet in oil as a third

liquid moves from the oil into the water droplet.
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Chapter 1

Introduction

Colloids are a class of material found throughout soft matter made of two or

more components whereby one component is dispersed in another. The materials

classed as colloids can be categorised further by determining whether the two

components are solids, liquids or gases (see Figure 1.1). For example, solid

particles or liquid droplets dispersed in a gas are called aerosols and gas bubbles

dispersed in a solid or a liquid are called foams. The only combination that does

not form a colloid is two gases because these simply mix together. Generally the

dispersed component is discontinuous and the dispersing component is continuous

but it is also possible to have two continuous components. An example of a

macroscopic system where both components are continuous is the natural sponge.

The natural sponge contains a continuous network of gas within a continuous solid

structure [21].

All colloids have an intermediate length scale between the molecular length scale

and the macroscopic length scale. The components are not mixed on a molecular

length scale and neither are the droplets, bubbles or solid particles of the dispersed

phase large enough to sediment or cream under gravity quickly. Solid particles,

droplets or bubbles dispersed in liquids will generally sediment or cream due to

the density differences between the dispersed material and the liquid. The rate

at which sedimentation or creaming occurs is dependent on the density difference

between the dispersed component and the liquid medium, the size of dispersed

solid particles, droplets or bubbles and the viscosity of the liquid. In order to

term such systems colloids, the dispersed component must be sufficiently small

that the velocity of the dispersed solid particles, droplets or bubbles is fairly slow.
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Figure 1.1 A diagram showing the different types of colloid possible and some
diagrams showing examples of these.

Colloids are of great importance because they are ubiquitous in both natural and

made-made materials (see Figure 1.1) [21].

One specific type of colloid, emulsions, will be investigated in this thesis.

Emulsions consist of mixtures of two liquid phases that are immiscible under

the conditions of the experiment generally with droplets formed by the input

of mechanical energy of one liquid phase dispersed in the other liquid phase.

The large interface between the two liquids is energetically unfavourable and

thus emulsions are thermodynamically unstable and therefore short-lived unless

interfacial stabilisers are added. The interface is energetically unfavourable

because, for immiscible liquids, interactions between like molecules are more

favourable than those between different molecules. If the interface is not

stabilised, the droplets collide and combine to make larger droplets in a

process called coalescence. The process of coalescence reduces the area of

the unfavourable interface and therefore the free energy of the system. The

coalescence of droplets continues until the two liquid phases are in separate layers

and the area of the interface is at a minimum [21].
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In order to prevent emulsions from undergoing phase separation, a variety of

stabilisers could be added and two possibilities include surfactants and very

small solid particles. Surfactants are molecules with a hydrophobic hydrocarbon

tail covalently bonded to a hydrophilic head group giving them an amphiphilic

character. They reduce the energy penalty associated with the formation of

an interface by having favourable interactions with both liquids and therefore

preferentially attaching to the interface [21]. Particles are small pieces of a solid

material in the size range from 5 nm to 5 µm. In a colloid these particles can also

constitute the solid dispersed phase. Colloidal particles situate themselves at an

emulsion interface because the interactions between the particles and either liquid

are more favourable than the interactions between the liquids themselves. Thus,

the total area of the unfavourable interface is reduced but any interface without

adsorbed particles remains unfavourable. Therefore, the coalescence of droplets,

which reduces the size of the interface, continues to occur until the entirety of the

interface is covered by particles [22]. This thesis will focus on specific colloids with

liquid-liquid interfaces stabilised by solid particles. These colloids are interesting

because the presence of solid particles can change the behaviour of a system from

that of its constituent parts and particles are capable of stabilising interesting

non-equilibrium liquid structures [23].

A main theme in this thesis is the use of a unique bicontinuous colloid: a non-

equilibrium solid-stabilised emulsion called the bicontinuous interfacially jammed

emulsion gel or the bijel for short. In the bijel both liquid phases are continuous

and interpenetrating resulting in a sponge-like structure (see Figure 1.2). It is

desirable to fabricate bicontinuous structures because they have a large surface

area of the interface compared to the volume and two continuous fluid channels

both of which could be advantageous for specific applications. The bijel was

first predicted in simulations in 2005 and subsequently experimentally realised

in 2007 [24, 25]. Since then a variety of experiments modifying the constituents

and the protocol for bijel fabrication have been presented [2, 17, 26–29] but only

a few experiments investigating the mechanical properties of the bijel have been

performed [17, 25, 30]. These properties are particularly important to investigate

before bijels can be used for any potential applications in order to understand how

the bijel will behave during product processing and consumer use. An attempt

to address this problem is presented in this thesis.

The original method for making bijels involves first mixing colloidal particles with

two partially miscible liquids in the mixed state. By changing the temperature,
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Figure 1.2 A diagram showing the structure of a bijel. Adapted from [5].

the two liquids become immiscible and start to phase separate via spinodal

decomposition producing a bicontinuous structure. During the phase separation,

the particles become attached onto the newly formed interface. The interface

continues to shrink until it is fully coated with particles creating a stable structure

[25]. In order to make bijels by this method, it is necessary to use particles with

an equal affinity for each liquid and partially miscible liquid pairs that change

miscibility at experimentally accessible temperatures [31]. These constraints limit

the choice of components and therefore alternative fabrication methods have been

proposed [2, 28, 29]. In this thesis some of the mechanical properties of both a

bijel made by the original quenching method and a bijel made by one of the new

methods are investigated.

Changing the shape of the particles stabilising an emulsion or bijel could change

the mechanical properties of the system because changing the particle shape can

change the strength with which the particles are held onto the interface and also

the interactions between particles adsorbed onto the interface [10, 32]. It could

then be envisaged that the particle shape could be an additional parameter for

tuning the properties of an emulsion to the desired application. In this thesis

rod-shaped particles were used to stabilise both emulsions and bijels and the

resultant properties investigated. The rod-shaped particles used in this thesis

also have magnetic properties bestowing upon the liquid systems stabilised by

these particles the potential to be stimuli responsive [32]. Smart systems are
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defined as systems that can respond to changes in their environment. Smart

systems based on colloids are of growing interest because they have the potential

to improve many fields such as drug delivery and oil recovery [33]. In the context

of drug delivery, the concentration of the active drug can be reduced if it is only

delivered to the location where it is required. In the context of oil recovery, oil

can be emulsified in water in order to extract it or to clean up an oil spill and if

the emulsion can then be easily destroyed, the oil can be recovered. This topic is

briefly touched upon in this thesis by investigating the behaviour of macroscopic

droplets stabilised by particles in an initially out of equilibrium system where a

third liquid moves into the droplet in order to reach equilibrium.

1.1 Thesis Outline

This thesis aims to provide some understanding of the behaviour of particle-

stabilised emulsions in response to external forces for some specific emulsion

systems. First, Chapter 4 details some of the behaviour of rod-shaped particles

with different aspect ratios (length/diameter) stabilising a droplet emulsion.

The next three chapters investigated the bijel for which there is little published

material on the bulk mechanical properties. In order to study the mechanical

properties the method of centrifugal compression was employed and the results

of this are given in Chapter 5. In addition, rod-shaped particles were used

to stabilise the bijel and in Chapter 6 the mechanical properties of this bijel

were compared with those for bijels stabilised by spherical particles. Both of the

centrifugal compression experiments were conducted on bijels made by the phase

separation of partially miscible liquids which was the original method for making

bijels. Meanwhile, a new method was developed for making the bijel simply by

mixing the ingredients in the relevant proportions [2]. The mechanical properties

of this new type of bijel were investigated in Chapter 7 using oscillatory shear

rheology combined with confocal microscopy imaging and also using squeeze flow

rheology. Finally in Chapter 8, the behaviour of particle-stabilised water droplets

in a bath containing solvent and toluene was investigated as the solvent moved

into the droplet to equilibrate the composition of each phase.

The outline of this thesis is as follows. First the relevant theoretical background

information and a review of the literature is included in Chapter 2. Next Chapter

3 contains the details of experimental and analysis techniques that were performed

in more than one chapter of this thesis. The chapters containing the experimental
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results are then split into two sections. The first section deals with the colloid

systems consisting of two liquids and particles that were investigated in this

thesis and contains Chapters 4, 5 and 6. The second section includes the colloid

systems consisting of two liquids, particles and an additional fourth component

that were investigated in this thesis and contains Chapters 7 and 8. After the

results chapters, Chapter 9 contains a summary of the results presented in this

thesis and the implications of the findings. Finally, Appendix A contains auxiliary

observations on the bijel reproducibility and a justification of some of the data

analysis used.
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Chapter 2

Theoretical Background

An emulsion is a thermodynamically unstable mixture of immiscible or partially

miscible liquids [21, 34]. In order to form an emulsion, a large energetically

unfavourable interface needs to be formed between these two liquids. The

interface must be stabilised to prevent phase separation and to maintain any

microscopic structure. The stabilisation of the interface can be achieved in a

variety of ways, the most common of which are either using surfactants, which are

a class of amphiphilic molecule with a hydrophilic head group and a hydrophobic

tail group, or using amphiphilic proteins or using solid particles, which are

generally not amphiphilic [9, 34]. Particles are small pieces of a solid material

with a radius between 5 nm and 5 µm. Emulsions stabilised by these particles

are termed Pickering or Pickering-Ramsden emulsions after the scientists who

first discovered the phenomenon of particles stabilising liquid-liquid interfaces

[35, 36]. Materials based on solid-stabilised emulsions are ubiquitous in this

day and age. They are found in extensive situations from food, cosmetics and

pharmaceuticals to road surfaces, making paints and oil recovery [23, 34]. A main

topic of this thesis is the behaviour of a specific particle-stabilised emulsion called

a bijel. Bijels (bicontinuous interfacially jammed emulsion gels) are a class of

solid-stabilised emulsions where the microscopic internal structure is bicontinuous

meaning both phases are continuous and interpenetrating [25]. This chapter

covers the background information relevant to the experimental results chapters.
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2.1 Particles in Suspensions

Microscopic solid particles dispersed in a liquid have a variety of different

interactions and these determine whether or not they aggregate. The attractive

force between particles causing particle aggregation is a van der Waals interaction

between the molecules that make up each particle. The potential of this

interaction is determined by the shape of the particles, the size of the particles

and the distance between them. For example,

WvdW = − AH
12πD2

(2.1)

gives the free energy of interaction (WvdW ) per unit area for two infinite flat

surfaces in a vacuum [21]. The free energy of interaction per unit area for

two spherical particles can be calculated from Equation 2.1 using the Derjaguin

approximation [6]

F = πaWvdW (2.2)

which relates the force between two spherical particles (F ) with the free energy of

interaction per unit area (WvdW ) for two planar surfaces. The force between two

spherical particles (F ) can then be related to the free energy of interaction (WvdW )

for spherical particles using F = −dWvdW

dD
[6]. The free energy of interaction for

two spherical particles in a vacuum found using the calculations described above

is

WvdW = −AHa
12D

(2.3)

when D << a. In these equations, AH is the Hamaker constant, D is the

separation between the particles and a is the spherical particle radius. The

Hamaker constant is a measure of the effective strength of the interaction between

particles. For both flat surfaces and spherical particles the interactions are long-

ranged because they only decay as D−2 or D−1. These equations, however,

describe particles in a vacuum and in a liquid the attractive interactions between

particles are reduced. The reduction in the attractive interaction due to the

surrounding liquid occurs because there is an effective screening of the interaction
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due to particles interacting with the liquid instead. In this case the equations

can be modified by using an effective Hamaker constant that takes into account

both the interactions between the particles and those between the particles and

the surrounding liquid [21].

Despite the strong attractive van der Waals force, solid particles do not always

aggregate and this can be due to a number of reasons. The first reason is

the presence of Brownian motion preventing the particles from aggregating by

the movement of the particles. However, Brownian motion is only relevant

when the strength of the attractive van der Waals interaction is less than kBT

where kB is the Boltzmann factor and T is the temperature. kBT is a scale

of the translational kinetic energy of a particle undergoing thermal motion.

Therefore Brownian motion can only prevent particle aggregation for very small

particles (see Equation 2.3). Even for very small particles additional stabilisation

from polymer chains grafted onto the surface can still be required to prevent

aggregation. The additional stabilisation can still be required because when the

van der Waals attraction is larger than kBT , particles that are closer together

than their radius stick together. In addition, sedimentation of the particles in

the liquid increases the likelihood of particle aggregation because the direction

of motion of the particles becomes the same and the distance between particles

decreases. The rate of sedimentation of the particles (v) is given by

v =
2

9

a2∆ρg

η
(2.4)

where a is the radius of the particles, ∆ρ is the density difference between the

particles and the liquid medium, g is gravitational acceleration and η is the

viscosity of the liquid [21].

The second and potentially most common reason for stable suspensions of

particles is the presence of a surface charge on the particles which leads to

a repulsion between them. Many particles are inherently charged due to

dissociation of surface groups, for example above pH 2 silica is negatively charged

due to the dissociation of the surface hydroxyl groups. The charge on the particle

surface then needs to be balanced by counter-ions in the solution in order to

maintain charge neutrality. The balance between electrostatic attractions and

entropy, which favours an even distribution of counter-ions, determines the overall

distribution of the ions. Generally there is a layer of counter-ions on the surface

of the charged particle forming an electrical double layer then the concentration

9
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Figure 2.1 a: A diagram showing the electrical double layer surrounding a
charged particle which is coloured pink. b: A diagram showing the
origin of repulsion between charged particles where the particles are
coloured pink.

of ions decays with distance from the charged particle (depicted schematically in

Figure 2.1a).

The repulsion is an osmotic repulsion rather than an electrostatic repulsion

between similarly charged particles. The repulsion arises because as the particles

get closer together, the counter-ion concentration between them increases which

is entropically unfavourable (see Figure 2.1b). Therefore, liquid enters the region

between the particles to reduce the counter-ion concentration and the incoming

liquid pushes the particles apart [6]. The free energy of interaction per unit area

for the repulsion from the electrical double layer (Wedl) for planar surfaces is given

by

Wedl =
2σ2

εrε0κ
e−κD (2.5)

and again the free energy of interaction for the repulsion from the electrical double

layer for two spherical particles can be found using the Derjaguin approximation

(see Equation 2.2) and F = −dWvdW

dD
. This is given by

Wedl =
2πaσ2

εrε0κ2
e−κD (2.6)

where for both equations σ is the surface charge density, εr is the dielectric

constant of the dispersing liquid, ε0 is the permittivity of the vacuum and κ

is the reciprocal of the Debye screening length. The dielectric constant is the

10



permittivity for a given liquid compared to permittivity for a vacuum where the

permittivity is the ratio of the substances electric displacement compared to the

strength of the applied electric field [7]. The Debye screening length is given by

κ−1 =

√
εrε0kBT

2e2I
, (2.7)

where e is the elementary charge and I is the ionic strength and can be described

as the range of the interactions in an electrolyte solution [6]. The range and

strength of the repulsion is therefore dependant on the ionic strength of the

surrounding liquid. For example, the addition of salt to particles dispersed in

water will reduce the distance over which the repulsion is felt by the particles

and also reduce the strength of that repulsion. The double layer repulsion

decays exponentially with particle separation meaning that generally particle

interactions are dominated by the van der Waals attraction at small distances

and large distances. At intermediate distances, however, the electrical double

layer repulsion can dominate.

The total free energy of interaction between two planar surfaces or two spherical

particles is described by DLVO theory (Derjaguin-Landau-Verwey-Overbeek).

DLVO theory combines the free energy of interaction for the electrical double

layer repulsion and the free energy of interaction for the van der Waals attraction

(see Equation 2.8). For two spherical particles this is given by

W (D) =
2πaσ2

εrε0κ2
e−κD − AHa

12D
(2.8)

and describes the strength of the attraction and repulsion experienced by the

particles as a function of the distance between them. The free energy of

interaction has a primary minimum at the smallest possible distance between

particles where the particles are aggregated due to van der Waals attractions (see

Figure 2.2). For many particle systems there also exists a primary maximum in

the free energy and for particles that do not aggregate this must be larger than

thermal energy. The barrier then cannot be overcome by the particles undergoing

Brownian motion and therefore aggregation cannot occur. The existence of

this barrier is a consequence of the repulsion between charged particles. In

some systems, for example those with intermediate ionic strengths, a secondary

minimum also exists where the particles are flocculated. Flocculation means that
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Figure 2.2 A sketch of a graph showing the changes in the free energy of
interaction between particles using DLVO theory with the distance
between them at different ionic strengths. Adapted from [6].

the particles are loosely stuck together but can easily be redispersed with the

input of energy [6].

Particles can also be stabilised in suspensions by the addition of polymers and this

is the final reason for observing stable suspensions of particles. Polymer chains

grafted onto the particle surface can prevent aggregation by steric stabilisation.

This stabilisation mechanism occurs because of the excluded volume interaction

(where the polymer chains cannot overlap) between the polymer chains on

different particles and the decrease in entropy associated with polymers in close

contact due to a smaller number of possible chain configurations. The polymer

chains on the particle surface make it unfavourable for particles to be close

together and, unlike charge stabilisation, the stabilisation can occur for particles

dispersed in both polar and non-polar liquids. The addition of polymers into

particle suspensions can also induce the aggregation or flocculation of the particles

in two different ways. The first is where polymers adsorb onto the particle surface

of two different particles creating a bridge between them and leading to particles

that are stuck together in a process called bridging flocculation. The second

is called depletion flocculation and occurs for non-adsorbing polymers. In this

instance, it is entropically unfavourable for non-adsorbing polymers to be between
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two particles small distances apart because being between the particles limits

the number of possible configurations available to the polymer chain. Once the

polymer chains are excluded from between the particles, osmotic pressure causes

the particles to move together and aggregate.

2.2 Liquid Miscibility

Some liquids can be mixed together to form one homogeneous liquid phase and

others cannot but instead form two separate immiscible phases. Some liquid

pairs, called partially miscible liquids, can exist as either one liquid phase or two

liquid phases depending on the temperature, liquid composition and pressure.

The miscibility of any liquid pair is determined by a balance between entropy

and enthalpy. Entropy (Smix) can be said to represent the degree of disorder

in a system because it is determined by the number of different configurations

or states possible. The enthalpy (Hmix = Umix + pV ) is an energy term

determined by the internal energy of the system (Umix) and the work done

on the surrounding environment in order for the system to exist (pV ) [7].

Generally entropy favours the mixing of the two liquids because this increases

the number of possible configurations that can be realised. However, mixing can

be energetically unfavourable depending on the strength of the intermolecular

interactions between the like molecules compared to those between the different

molecules.

The contribution of the entropy and the enthalpy to the Gibbs free energy of

mixing (Gmix) is

∆Gmix = ∆Hmix − T∆Smix (2.9)

and this equation can be used to explain the temperature dependence for whether

partially miscible liquids form one phase or two. At high temperatures the

entropy term dominates and generally the free energy will be minimised by mixing

leading to a single phase equilibrium state. At low temperatures the enthalpy

term dominates and then interactions between molecules become important in

determining whether the free energy of mixing is minimised by a two-phase or

one-phase system. The interaction between molecules is characterised by the

interaction parameter χ which contains terms for the interaction energy between
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like molecules and different molecules:

χ =
z

2kBT
(2εAB − εAA − εBB), (2.10)

where εAB is the interaction energy between the different molecules A and B, εAA

and εBB are the interaction energies between like molecules and z is the number of

neighbours on the lattice. In the regular solution model the interaction between

molecules is incorporated into the equation for the Gibbs free energy of mixing

as follows

∆Gmix = kBT (xAlnxA + xBlnxB + χxAxB), (2.11)

where xA is the mole fraction of component A in the solution and xB is the mole

fraction of component B in the solution and therefore xA + xB = 1 [7]. The

regular solution model assumes that the molecules are distributed on a regular

lattice with the same number of neighbours regardless of whether they are the

same or different molecules and the molecules only interact with their nearest

neighbours. Plotting the free energy as a function of xA for different values of χ

shows that for χ ≤ 2 there is only one minimum in the free energy but for χ > 2

there are two minima in the free energy (see Figure 2.3a). When there is only

one minimum (χ ≤ 2) the solution remains mixed in a single phase but when

there are two minima (χ > 2) the solution demixes into two separate phases.

The liquids remain mixed for χ ≤ 2 because the free energy of the mixture is

always lower than the free energy of two separate phases. In contrast, for χ > 2

the free energy of the mixture can be higher than that of the two separate phases

meaning that demixing becomes favourable. Demixing is favourable when the

initial composition is between the two minima in the free energy.

As noted above and shown in the temperature dependence of χ, generally

at higher temperatures partially miscible liquids are mixed and at lower

temperatures they are demixed. Therefore, the majority of partially miscible

liquids have an upper critical solution temperature (UCST) which is the highest

temperature at which the two-phase region exists (see Figure 2.4). Despite this,

it is still possible for liquid pairs to display a lower critical solution temperature

(LCST) and some systems even contain both an UCST and a LCST. This

behaviour is determined by the changing strength of the interactions between

molecules with temperature. In some instances weak complexes can form at low
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Figure 2.3 a: A graph showing the Gibbs free energy of mixing as a function of
the mole fraction of component A in the solution for different values
of the parameter χ. b: A graph showing the Gibbs free energy of
mixing as a function of the mole fraction of component A in the
solution for χ = 3 to highlight the curvature changes. Adapted from
[7].

temperatures increasing the miscibility of the two phases [7].

When liquids separate into two phases there must then exist an interface between

them. The interface is energetically unfavourable because the molecules at the

interface are forced to interact with dissimilar molecules as well as like ones.

Since for liquids that phase separate the interaction energies between different

molecules are higher than those between like molecules, the free energy of the

overall system is increased. This increase is quantified by the interfacial tension

(γ) which is the free energy per unit area of an interface. The energetic cost for

the presence of an interface then means that reducing the area of the interface

decreases the free energy of the system.

2.2.1 Phase Separation Mechanisms

A phase diagram showing the two-phase and one-phase regions for a pair of

partially miscible liquids can be draw, an example of which is shown in Figure 2.4.

The binodal or coexistence line separates the one-phase and two-phase regions on

the diagram. For any initial liquid composition within the two-phase region the

compositions of the two separated phases will be those on the binodal line at the

same temperature. A tie line visually links the equilibrium compositions on the

diagram. These phase diagrams are not always symmetrical and the exact details

are dependent on the pair of liquids. The second line of interest on this phase

diagram is the spinodal line which separates the metastable two-phase region
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Figure 2.4 A diagram showing the phase separation mechanisms for partially
miscible liquids that are demixed at lower temperatures.

from the unstable two-phase region. That a metastable and an unstable region

both exist in the two-phase region can be seen by looking at the curvature of the

free energy curves for χ > 2 (see Figure 2.3b). Between x2 and x3 the curvature

of the graph is negative indicating that any small change in composition will

decrease the free energy leading to instantaneous phase separation. This is the

unstable region which is found inside the spinodal line. Between x1 and x2 or x3

and x4 the curvature of the free energy is positive indicating that small changes

in composition actually increase the free energy. This metastable region is found

between the binodal and spinodal lines and here the system is stable to small

fluctuations but once they become large enough phase separation quickly occurs.

The spinodal line represents the point of zero curvature or where the second

derivative of the free energy is zero.

The presence of unstable and metastable phase separating regions leads to two

different phase separation mechanisms: nucleation and spinodal decomposition.

Nucleation occurs in the metastable region between the binodal and the spinodal

line and here there is a free energy barrier to phase separation (see Figure 2.4).

The free energy barrier exists due to the competition between the creation of an

energetically unfavourable interface and the energetically favourable formation of

two separate phases. For small droplets the free energy increase from the creation
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of unfavourable interface is larger than the free energy decrease from having two

distinct phases but for larger droplets the situation is reversed. This balance is

dictated by the surface area to volume ratio and this means that phase separation

occurs via spherical droplet formation since this shape has the lowest surface area

to volume ratio (see Figure 2.4). Once this barrier has been overcome the droplets

can continue to grow in size until complete phase separation has occurred. The

existence of the barrier leads to a critical droplet size below which droplets will

shrink due to the unfavourable interface and above which droplets will grow

due to the energetically favourable phase separation. During phase separation

droplets can also merge together in a process called coalescence which reduces

the area of the interface further. Alternatively, Ostwald ripening can occur when

the distribution of droplet sizes is large and diffusion rates of the molecules of the

droplet phase through the continuous phase are high. Ostwald ripening occurs

given these conditions because it is thermodynamically favourable for molecules

from small droplets to diffuse through the continuous phase and join the larger

droplets leading to larger droplets growing while smaller droplets shrink. The

thermodynamic driving force behind this process is the unfavourable interfacial

area which can be reduced by removing small droplets in favour of larger ones.

These processes continue until complete phase separation has occurred. When

droplets can form on surfaces or impurities, such as dust, in the solution the

barrier to nucleation is significantly reduced because this also decreases the

interfacial area to volume ratio.

Inside the spinodal line the system is unstable and phase separation occurs via

spinodal decomposition. Here any fluctuation in composition causes the free

energy to decrease and thus instantaneous spontaneous phase separation occurs

(see Figure 2.4). The instantaneous phase separation leads to a temporary

bicontinuous structure with a large interface where the initially small fluctuations

are quickly amplified. This amplification is due to molecules diffusing towards

their like phases along the concentration gradient from low to high. A

characteristic length scale is then associated with the size of the two phases

which is a balance between creating a very large unfavourable interface and the

distance molecules have to diffuse over. This length scale is initially fixed but

quickly increases because it becomes straightforward to reduce the free energy of

the system by minimising the area of the interface. Therefore, the bicontinuous

structure has increasing domain sizes until full phase separation occurs.
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2.2.2 Ternary Liquid Mixtures

Two immiscible liquids can become miscible when the correct quantity of a third

solvent liquid is added. This solvent liquid needs to be miscible to some degree

with both liquids. The phase behaviour of these ternary systems is described

using a ternary plot which is the shape of an equilateral triangle (see Figure

2.5). Each side of the triangle is a scale representing the percentage of one of the

liquid components present either in terms of mass or volume. The area under

the plotted points (coloured in green in Figure 2.5) represents the compositions

where the system separates into two phases and the area above the plotted points

(coloured in blue in Figure 2.5) represents the compositions where the system is

fully miscible. The plotted points themselves are the coexistence line where the

equilibrium compositions of the two phases in the two-phase region are given. In

the two-phase region the composition of the two phases at equilibrium is indicated

by tie lines (an example tie line is shown in Figure 2.5). The preference of the

solvent liquid for one of the phases over the other can be discerned by looking at

the tie lines. Tie lines that are approximately horizontal indicate an equal affinity

for both phases whereas those with large gradients indicate that the solvent has

a much higher preference for the phase at the top of the slope as opposed to the

one at the bottom. Similar to binary liquid systems a critical point exists (shown

as a red diamond in Figure 2.5) where there is no longer a difference between

the two phases and the system becomes fully mixed on the coexistence line. As

the compositions of the two phases approach the critical point the interfacial

tension between them decreases because the phases become more miscible with

each other.

An example of such a mixture of liquids are toluene, water and the solvent ethanol

as shown in Figure 2.5. It was with this system that the Marangoni instability

or interfacial turbulence was first observed [37]. A pendant droplet of water in a

bath of toluene and ethanol was observed to jerk and kick in motions reminiscent

of dancing. This behaviour was attributed to the partitioning of some of the

ethanol into the water droplet in order to reach the equilibrium composition of

each phase. The concentration of the ethanol is not, however, uniform around

the droplet leading to local variations in partitioning and therefore also local

variations in the interfacial tension. These variations are associated with a large-

scale flow inside the droplet and hence the droplet dances [37]. This behaviour

has also been observed for sessile droplets in the same system where the droplet

dances around the base of a cuvette [3].
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Figure 2.5 A ternary phase diagram for the toluene-water-ethanol system in
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make this diagram came from [8].

2.3 Particles at Interfaces

In order to get a stable emulsion, the energetically unfavourable interface needs

to be stabilised. This stabilisation can be achieved using a variety of different

stabilisers but the most common ones are surfactants, which are amphiphilic

molecules, and solid particles. Surfactants and particles stabilise an unfavourable

interface in different ways. Surfactants preferentially orientate at an interface

because it is energetically most favourable for their hydrophilic head group to be

in the polar phase and their hydrophobic tail to be in the non-polar phase. In

doing so, the interfacial tension (γ) is reduced which in turn reduces the Gibbs

free energy of the interface. The presence of an interface is then less energetically

unfavourable and thus the thermodynamic driving force for coalescence of droplets

is removed. This is shown by the equation for the Gibbs free energy (G) for a

system of several components

G = TS − pV + γA+
∑
j

µjnj (2.12)
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where γ is the interfacial tension, A is the area of the interface, µj is the chemical

potential of component j and nj is the number of moles of component j. The

stabilisation of the interface by surfactants is dynamic with surfactant molecules

able to move between the bulk and the interface [21, 38].

On the other hand, colloidal particles stabilise the interface by each particle

removing a small area of the interface (δA). For particles to stabilise an interface

the values of the interfacial tension between the particle and both liquids must

be smaller than the value of the interfacial tension between the two liquids. This

again reduces the Gibbs free energy but rather than the interface becoming less

unfavourable, some of the liquid-liquid interface in the system is removed (see

Equation 2.12) [10, 22]. This means that if there are not enough particles to

cover the interface, any bare interface remains energetically unfavourable and will

continue to reduce its area if possible. This reduction of interfacial area can occur

by coalescence of droplets until the entire interface is covered by particles [22].

When many particles are on an interface, strong attractions between the particles

can lead to interface stabilisation because the particles are unable to move in

relation to their neighbours preventing approaching interfaces from coming into

contact. Droplets with interfaces covered by particles have a mechanical barrier

to coalescence [21]. Despite this mechanical barrier, some free interface does

remain between the particles which means that diffusion across the interface is

still possible.

The position of a colloidal particle at the interface is defined by the contact

angle. The contact angle is the angle the particle makes between the interface

and the water (polar) phase and is determined by the wetting properties of the

particle (see Figure 2.6). Mathematically the contact angle can be calculated

from Young’s equation

cos(θ) =
γso − γsw
γow

(2.13)

whereγow is the interfacial tension between the two liquids, γsw is the interfacial

tension between the solid particle and the polar liquid and γso is the interfacial

tension between the solid particle and non-polar phase. Hence the contact angle is

determined by the interactions of the solid particle with each phase. A hydrophilic

particle with a preference for the water phase has, by Young’s equation, a contact

angle of less than 90 ◦ because γso > γsw. In the reverse case, a hydrophobic

particle with a preference for the oil phase has a contact angle greater than 90 ◦
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because γso < γsw.

The contact angle of a colloidal particles at an interface can impart a macroscopic

curvature onto the interface (see Figure 2.6). A hydrophilic particle will encourage

the interface to curve towards the oil. This effect is geometrical allowing the

particles to remove the maximum area of interface and means that oil droplets

in water are formed. For the reverse, a hydrophobic particle, the interface curves

towards the water leading to water droplets in oil (see Figure 2.6). The contact

angle is not the only determiner for the type of emulsion formed and stabilised

by particles. For example, the volume fractions of the two phases also determines

which liquid is the droplet phase and which is the continuous phase [9]. External

factors such as the pH can also change the emulsion behaviour since this can

change the surface chemistry of the particles which, in turn, changes the contact

angle. The nature of the oil phase can also change the contact angle and therefore

the emulsion type. For surfactants, the spontaneous curvature of the interface

is determined by the size of the hydrophilic head group compared to that of the

hydrophobic tail. The curvature of the interface can also be affected by external

parameters such as temperature because this changes the packing of surfactants

on the interface. This behaviour occurs because the solubility of surfactants in

either phase is determined by temperature thus the shape of the molecule changes

with temperature [21].

There are many advantages to using colloidal particles over surfactants, partic-

ularly since there is increasing pressure for products to be ecologically neutral.

Colloidal particles are biocompatible, non-toxic, generally inert and ecological

acceptable compared to organic surfactants which can be toxic and can have

chemically costly syntheses [39–42]. Additionally, particle-stabilised emulsions

can be more stable than surfactant-stabilised emulsions with a shelf life of months

and years due to the effectively irreversible adsorption of particles to the interface.

This stability is directly related to the considerations of the energy of attachment

of a single particle to the liquid-liquid interface [9]. The energy required to detach

a particle from the liquid-liquid interface can be described by

∆Gd = πa2γ(1− |cos(θ)|)2, (2.14)

where ∆Gd is the free energy of detachment for a spherical particle of radius a,

θ is the contact angle and γ is the interfacial tension. For example, particles

that have a radius of 0.3 µm (as used in this thesis) and have a contact angle

21



Oil

Water WaterWater

Oil Oil

Oil

Water Water

Oil

Figure 2.6 A diagram showing the different contact angles a particle can make
at an interface and the curvature determined by this contact angle.
Adapted from [9].

of about 90◦ on a water–toluene interface (γ ≈ 35 mN/m) have a free energy

of detachment of approximately 106kBT causing the particles to be effectively

adsorbed to the interface irreversibly [17, 43]. If a particle is too hydrophilic

or too hydrophobic (contact angle too small or too large) the particles will be

unable to stabilise an emulsion because the trapping energy will be significantly

decreased [43]. Once the particles are adsorbed to the interface they can develop

strong lateral interactions (see Section 2.3.1) and in some droplet emulsions a

percolating network of particles can form throughout the continuous phase of

the emulsion [9, 23, 39]. This network of particles has been observed to alter

the rheological properties of the emulsion (see Section 2.5.1) [44, 45]. Colloidal

particles also provide a mechanical barrier against the coalescence of the droplets

within the emulsion and the tuning of interactions between colloidal particles

with salt, pH, chemical surface modification or addition of polymer is well

understood [23, 40, 46]. It is also possible to use specific colloidal particles to

confer new properties onto a system such as electrical conductance, photo-activity

and catalytic behaviour [47–51].
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That particles are irreversibly adsorbed to the interface was universally regarded

to be true, however there is a growing body of work that has found that this may

not be the full story [52–56]. It has been observed that it is possible for particles to

be ejected from the interface under certain conditions [53, 54]. In one experiment

the particles stabilised large droplets and the collective gravity-induced force of

several of the particles acted on one particle at the base of the droplet causing

it to be ejected [53]. In another experiment the ejection of all particles from

the interface was observed upon the removal of liquid from a pendant water

drop in oil. This particle ejection was caused by the decrease in the size of

the interface however these were nanoparticles meaning that the free energy of

particle detachment is already much lower (see Equation 2.14) [54]. Micron-sized

particles were also found to be ejected from air-water bubble interfaces when

subjecting the bubble to ultrasonic oscillations. Again the desorption of particles

was found to occur due to the compression of the interface [55, 56]. Finally, it was

observed that when mixing two emulsions stabilised by different coloured particles

under gentle shear, the droplet interfaces increasingly contained both colours of

particles. Yet again the reason for the particles coming off the interface can be

ascribed to the details of the system. The emulsions used in this study contained

droplets that shared particles between two interfaces in a phenomenon called

bridging [52].

Bridging occurs when there are not enough particles to initially cover all the

interface produced and the particles have a preference for the continuous phase.

The extent of bridging depends on a variety of factors including the shear rate at

which the emulsion is formed, the particle volume fraction and the contact angle

of the particles [16]. That the emulsion was bridged then means that there was

free interface available for particle swapping to occur provided that the particle

bridges were constantly broken and reformed. That it was possible to break these

bridges at all indicates that the particles cannot be described as being irreversibly

adsorbed to the interface. However, it is worth noting that particles in a bridge

between two droplets can be subjected to a large torque which is generated from

only a gentle shear as the droplets attempt to rotate around each other. It was

also noted that when the bridging behaviour was suppressed by the addition of

salt there was still some particle colour mixing on droplet interfaces but this was

much slower. This changing of the particles on the interface was attributed to

free particles adsorbing onto partially coated droplets. These free particles could

end up in the system from either the coalescence of droplets with the excess

oil phase or with other partially coated droplets leading to the release of some
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particles. That it was possible to remove some particles from the interface is still

surprising because it is widely believed that it is not possible [52]. Despite these

experiments, the particles will continue to be treated as irreversibly adsorbed

in this thesis particularly in the bijel case because the interface shape is very

different from droplets and particularly bridged droplets.

2.3.1 Interactions between Particles at Interfaces

Once particles have become adsorbed onto the interface they can minimise wetting

energies by creating very small distortions in the interface although this is not

observed for perfectly spherical particles with homogeneous surface chemistry

[10]. Particles that are anisotropic either in shape or surface chemistry or have

surface roughness pin the interface in such a way that there are undulations in

the contact line (see Figure 2.7a). The distortion in the shape of the interface

then gives rise to strong capillary interactions between particles adsorbed to

the interface. These interactions arise due to the system minimising the total

distortion of the interface and this can be achieved by placing particles close

together (see Figure 2.7b). This particle location eliminates areas of high

curvature by minimising the distance between areas of positive curvature or areas

of negative curvature. Therefore, these capillary attractions often lead to particle

aggregation at the interface and for anisotropic particles the particles aggregate in

specific orientations [10]. For very large particles, deformations of a flat interface

can occur simply due to the weight of the particles leading to particle aggregation

(see Figures 2.7c and 2.7d) [11, 12, 57].

In addition to capillary interactions at the interface, electrostatic interactions

a

b

c

d

Figure 2.7 Diagrams showing two particles at the interface a: with undulating
contact lines b: with undulating contact lines and the result of a
capillary attraction between them c: deforming the interface by their
own weight d: deforming the interface by their own weight and the
result of a capillary attraction between them. Adapted from [10], [11]
and [12].
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need to be considered. Indeed, it has been shown that strongly charged particles

will not adsorb to an interface and therefore are unable to stabilise an emulsion

[13]. That strongly charged particles will not adsorb to an interface is due to

a repulsion between the bare interface and the charged particles. There are

two possible reasons for the repulsion which are the residual charge of the bare

interface and image charge effects. The bare water-oil interface was found to be

negatively charged for four different oils and this was attributed to hydroxyl ions

adsorbing to the interface [58]. Others, however, have proposed an alternative

reason for the negatively charged interface: that the number of accepting and

donating hydrogen bonds for water molecules at the interface is unbalanced. The

unbalanced hydrogen bonds for water occurs due to the interactions with different

molecules at the interface and could lead to charging at the interface [59]. Wang et

al. found that both strongly positively charged particles and strongly negatively

charged particles did not adsorb to the interface. The authors then claim that

an alternative mechanism is necessary to explain why positively charged particles

also do not adsorb to the negatively charged interface [13]. If the anionic particles

did not adsorb to the interface only due to the electrostatic repulsion, it could

be assumed that the cationic particles would still adsorb to the interface because

there would be an electrostatic attraction between the interface and the particles.

However, there could also be an entropic repulsion as described in Section 2.1.

The osmotic repulsion occurs regardless of the charge on two surfaces because it

is instigated by the increase in counter-ions between them which is entropically

unfavourable. In order for the osmotic repulsion to prevent the adsorption of the

particles onto the interface it would need to be stronger than the electrostatic

attraction between oppositely charged objects. In addition, in the case where the

particle approaches the interface from the oil phase, the osmotic repulsion would

be significantly reduced because the charge on the particle and the counter-ion

concentration is usually smaller in the oil.

The alternative mechanism of charged particle repulsion from the interface

proposed was image charge repulsion. In image charge repulsion an electrostatic

image of the particle approaching the interface with the same sign is reflected

on the other side of the interface. The image charge then results in the particle

experiencing a repulsive force from the interface (see Figure 2.8a) [13]. The

image charge effect has also been used to explain the strong attraction of very

hydrophobic charged particles in oil to an interface between the oil and water. In

this instance an image charge of the opposite sign is produced in the water leading

to an electrostatic attraction [60]. Whether the image charge has the same sign
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Figure 2.8 a: A diagram showing the image charge repulsion experienced by a
charged particle approaching the interface. b: A diagram showing
the electrostatic repulsion between charged particles at the interface.
Adapted from [13] and [14].

or the opposite sign to the approaching particle is determined by whether the

particle is in a liquid with a high dielectric constant approaching the interface

with an liquid with a low dielectric constant or vice versa [13, 60]. In addition, it is

worth taking into account that strongly charged particles can be more hydrophilic

than their weakly charged counterparts [9]. The charge then modifies the wetting

properties of the particles and therefore the contact angle at the interface. If the

charge is large this could lead to particles being unable to stabilise an emulsion

and could be the reason for the result of Wang et al. [13].

Once some particles are adsorbed to the interface a repulsion between the

adsorbed particles and other particles approaching the interface can lead to low

particle coverage of the interface [61]. The end result of limited particle coverage

of droplet interface due to the charge can either be larger emulsion droplets

or smaller emulsion droplets with a low interfacial coverage of particles. Both

of these will also lead to excess particles present in the continuous phase. In

addition, charged particles can interact at the interface to produce monolayers

of equally spaced particles or aggregates of particles [62]. At the interface there

is an asymmetry in the charge distribution around the particle because it is

energetically favourable for dissociated molecules on the particle surface in the

non-polar phase to re-associate (see Figure 2.8b). Despite this, some charges

can be stable in the non-polar phase particularly if the oil has a high dielectric

constant [63]. In addition, counter-ions, which screen the charge, are generally

found only in the aqueous phase. Monolayers of equally spaced particles can

be formed due to an electrostatic repulsion between the charged particles at the

interface [14, 62, 64]. The electrostatic repulsion is thought to occur through the

non-polar phase because screening in the aqueous phase reduces the strength and
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range of the interaction and the particle spacing was found to be larger than the

Debye screening length [14, 62, 65]. Despite this, there is still much unknown

about the nature of electrostatic interactions between particles at interfaces

and experimental results can be contradictory implying different mechanisms for

repulsion between particles [63]. For example, changing the salt concentration,

which changes the Debye screening length, has been shown to have no effect

on the structure of the monolayers of particles and also cause aggregation of

particles at the interface [14, 62]. Although, this behaviour could simply be due

to differing potentials between the two systems. For the system where aggregation

was observed, the aggregation was found to be limited due to the increasing charge

density of the aggregates [14]. Charged particles at interfaces, in addition to

experiencing electrostatic repulsions, could also experience capillary attractions

which are induced by the distortion of the interface due to the asymmetric

distribution of charges at the interface [63].

2.3.2 Anisotropic Particles

The shape of the particles has been shown to change the characteristics of droplet

emulsions and also the characteristics of the bijel (see Section 2.4) [26, 32, 66].

Anisotropic particles with a long-axis, such as ellipsoids and rods, preferentially

orientate with their long-axis parallel to the interface because this orientation

removes the largest unfavourable area of the interface and this orientation has

been observed in both simulations and experiments (see Figure 2.9) [10, 26, 67,

68]. Anisotropic particles adsorbed to the interface in this orientation can have

higher adsorption energies compared to spherical particles at the same particle

volume fraction; this has been observed for ellipsoidal particles [32, 34]. Non-

spherical particles can change the characteristics of emulsions partly because they

introduce an additional capillary force from the quadrupolar distortions in the

interface brought about by shape or chemical anisotropy (see Figures 2.7 and 2.9)

[10, 66, 69]. These distortions of the interface occur because there are variations

in the curvature of the particle. Therefore, to ensure that the contact angle at

the interface remains constant in order to satisfy Young’s equation (see Equation

2.13), the interface needs to distort around the particle [70, 71]. Therefore, a

sphero-cylinder (a cylinder with spherical end caps and is also called a rod-shaped

particle) does not distort the interface when the contact angle is 90◦ (see Figure

2.9) [67, 71].

27



Interface 
Top View

Interface 
Side View

Sphero-cylinder Ellipsoid

Figure 2.9 A diagram showing how the orientation of sphero-cylinders at
the interface changes the unfavourable area of the interface and
the distortions in the interface produced by sphero-cylinders and
ellipsoids.

The distortions of the interface generate an attractive capillary force which means

that the particles not only adsorb to the interface but align with each other in

specific orientations at the interface in order to minimise the distortions (see also

Section 2.3.1). Differently shaped particles cause different interfacial distortions

and thus self-assemble into different configurations [10, 69]. For example, rod-

shaped particles and ellipsoidal particles preferentially orientate side-by-side

whereas cylindrical particles orientate end-to-end [10, 32, 72–74]. That said,

in another study ellipsoidal particles have been observed to orientate tip-to-tip

forming triangular structures or linear chains depending on the exact surface

chemistry and the nature of the interface [66]. This alignment can be explained

by the contact angle of the particle at the interface since the distortions of the air-

water interface are reversed for hydrophobic ellipsoids compared to hydrophilic

ellipsoids [75]. This explanation can be extended to include the nature of the

liquid-liquid interface and the interactions of the particles with both phases.

A second explanation for the different orientations of ellipsoids at interfaces is

that experimentally ellipsoids often display polydispersity in both size and aspect

ratio (length/diameter) and this polydispersity affects the interaction between

particles often leading to a finite angle between ellipsoids joined at the tip [76, 77].

At high particle coverage the distinction between the different configurations

becomes less pronounced (for example see Figure 2 in [78]).

Günther et al. simulated the attachment of rod-shaped particles to flat and
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spherical interfaces and found three timescales determining the dynamics of the

system. First, on short timescales there is the attachment of the particles to

the interface with the long-axis perpendicular to the interface. Second, there is

a time associated with the rotation of the ellipsoidal particles at the interface

from perpendicular to the interface to the favoured orientation with the long-

axis parallel to the interface [67]. While this rotation step could be important

and certainly is not present for spherical particles, the time it takes for this step

to happen will be dependent on the angle at which the particle attaches to the

interface. In this simulation the ellipsoidal particles approached the interface with

the long axis perpendicular to the interface thus maximising the rotation time

whereas experimentally the particles are likely to attach in a range of orientations.

Third, on very long timescales, once the interface is jammed, local reorganisation

of the particles occurred due to capillary interactions and this reorganisation was

more pronounced for spherical interfaces than flat ones [67].

2.3.3 Formation of Emulsions

Emulsions are thermodynamically unstable and therefore do not form sponta-

neously. Mechanical energy, such as shaking, needs to be applied to the system

in order to break up one of the phases into small droplets. The interface of these

small droplets then needs to be stabilised to prevent further phase separation

by coalescence or Ostwald ripening. For solid-stabilised emulsions the process of

coalescence can be harnessed to create stable emulsions in a process called limited

coalescence (shown schematically in Figure 2.10). In this process first droplets of

one of the liquids in the other are formed. The droplets could be formed using

a variety of different techniques including hand shaking, vortex mixing, using a

rotor-stator or ultrasonication. During this mechanical agitation the particles in

the system move around often very rapidly and many become attached to the

interface in the process. The droplets then begin a coalescence process whereby

they merge with other droplets to create larger droplets and therefore reduce the

area of the interface to reduce the free energy of the system. The coalescence

decreases the space available for particles on the interface and because these

particles are essentially irreversibly adsorbed to the interface they cannot be

removed from it. Therefore once the interface is full of particles coalescence can

no longer proceed and stable emulsion droplets are formed (see Figure 2.10). This

process is called jamming the particles at the interface. Another method that can

be used to create particle-stabilised emulsions is to utilise the phase separation
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Figure 2.10 A diagram showing the process of limited coalescence in forming a
particle-stabilised emulsion.

of partially miscible liquids during a quench (see Section 2.2). The particles are

swept onto the interface during the quench and phase separation halted by the

same mechanism as in limited coalescence. This method of emulsion formation

is utilised for the formation of bijels (see Section 2.4).

2.4 Bijels

Bijels (bicontinuous interfacially jammed emulsion gels) are a class of solid-

stabilised emulsions where the microscopic internal structure is bicontinuous

meaning both phases are continuous and interpenetrating (see Figure 2.11)

[25]. The existence of bijels was predicted by simulations of the jamming of

nanoparticles during the spinodal decomposition of partially miscible liquids

before they were experimentally realised [24]. The jamming of solid particles

at interfaces facilitates the stabilisation of non-equilibrium structures and this

process is exploited in the creation of bijels [79]. This jamming occurs because the

particles cannot overlap and cannot be ejected from the interface due to the high

free energy of detachment (see Section 2.3) [24]. The first experimentally realised

bijel, developed in 2007, contained water together with 2,6-lutidine and was

stabilised by silica particles [25]. Water has many advantages for experimental use

including its availability, cheapness and biocompatibility. Unfortunately it is only

immiscible with 2,6-lutidine at high temperatures and hence the resulting bijel

is not stable at room temperature [30]. A second pair of liquids, ethanediol and

nitromethane, was found to form bijels in 2011 and these liquids are immiscible

at room temperature generating a more tractable bijel [17]. In addition, the
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Figure 2.11 A diagram showing the structure of a bijel. Adapted from [5].

phase diagram for ethanediol–nitromethane is highly symmetric meaning that

the resultant phases after separation have approximately equal volumes which

creates a potentially more stable bicontinuous structure [30].

Creating emulsions with a bicontinuous structure is particularly attractive

because the surface area of the interface is large and tunable and the efficient

mass transport through the structure lends itself to many applications especially

those involving catalysis [30, 80]. Additionally, the bicontinuous structure has

enhanced structural robustness and long-range connectivity with the size and

distribution of pores under the experimentalist’s control [30, 81]. The list of

potential bijel applications includes use as a template for catalysts, electrodes for

batteries and fuel cells or other hierarchically porous materials [30, 81, 82]. A

bicontinuous template can be formed by using the bijel as a scaffold for creating a

bicontinuous polymer. A bicontinuous polymer has been created experimentally

by the careful addition of photoinitiators and monomers that are selective to one

of the fluid domains. Radical polymerisation was then initiated using UV light

which results in a bicontinuous polymer structure [30, 81]. This polymer structure

can then be used as a template for creating bicontinuous structures out of other

materials and some experimentally realised examples include ceramics and metals

as well as creating a metal cast of the interface [81, 82]. This method has been

used to produce a fully functioning Ni/Ni(OH)2 composite electrode from a bijel

template [83].
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Bicontinuous structures are often observed in nature and therefore bijels could

also be used as scaffolds for tissue engineering applications [30]. Bicontinuous

microemulsions stabilised by surfactants have been investigated as reaction media

for enzyme-catalysed reactions. In some of these reactions, the products and

reactants are hydrophobic but the enzymes are hydrophilic meaning an emulsion

is an attractive medium for these reactions [84]. A reaction medium for enzyme-

catalysed reactions could be another potential application of the bijel because

solid particles are often biocompatible and non-toxic whereas surfactants can

interfere with enzyme processes. Biocatalysis is particularly important for the

purification of chiral compounds where one enantiomer may be the active drug

but the other can have serious negative side effects [85]. It has also been proposed

that bijels could be used as controlled release vehicles, cross flow microreactors

or separation processors [5, 17, 25, 86]. The encapsulation of a bijel into a larger

solid-stabilised droplet has been engineered and could have uses in controlled

release applications. This method involves forming the larger droplets in a

continuous dodecane phase while the two bijel liquids are miscible and then

quenching the mixture in order to form bijels inside the droplets [17]. Recently,

the interface between a gelatin solution and a maltodextrin solution phase

separating by spinodal decomposition has been stabilised by micro-organisms

leading to food-grade bijels [87].

2.4.1 Controlling the Bijel Structure

Despite all the benefits of using colloidal particles outlined above and the

possibility of imposing additional characteristics on a particle-stabilised emulsion,

it is significantly harder to form a bicontinuous structure when using colloidal

particles rather than surfactants. Using colloidal particles as stabilisers requires

a complicated and precise method using phase separation whereas surfactants can

simply be mixed with the liquids in the correct quantities at the right temperature

to form a bicontinuous microemulsion [25, 88]. The first requirement for bijel

formation is that the particles must have a contact angle of approximately 90◦

[31]. Such particles are described as neutrally wetting since there is no preference

for the particles to be dispersed in one phase over the other (see Figure 2.6).

The particle wetting is important because these wetting characteristics dictate

the preferred curvature of the interface and for bijel formation it is necessary

to have a zero mean curvature of the interface. It is therefore necessary to

employ a simple and reproducible method for altering particle wettability. For
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spherical silica particles this can easily be done by modifying the hydrophobicity

of the surface. Hydrophilic silanol groups on the surface react with hexamethyl

disilazane (HMDS) leading to the substitution of the hydroxyl groups with

trimethylsilyl groups (see Figure 2.12). Increasing the concentration of HMDS

used leads to increased surface hydrophobicity of the silica due to the increasing

surface coverage of the hydrophobic trimethylsilyl groups. Thus, the wetting

properties of the particles can be altered systematically [32]. An alternative

method for altering the wetting properties of silica particles, which is used for

making water–2,6-lutidine bijels, involves systematically modifying the drying

time [89]. This method makes the particles more hydrophobic by the evaporation

of water molecules adsorbed to the silica surface and therefore it is important to

use the particles immediately in this scenario. The adsorbed water molecules also

mean that when using HMDS to modify the wetting properties the drying time

of the silica particles must be constant. The wetting of a second type of particle

that has been used to form bicontinuous structures, graphene oxide sheets, can

be tuned by modifying the carbon to oxygen ratio [90]. That it is necessary

to choose a particle to stabilise the bijel that has wetting properties that can

be easily modified and reproduced, limits the types of particles that could be

used. In order to circumvent this particle modification step, Cai et al. used

mixtures of commercially available fumed silica particles with different wetting

properties [27]. Nevertheless, the correct quantities of each particle are required

in order to obtain a particle-stabilised bicontinuous structure and therefore the

tuning parameter is simply altered. Another alternative is to make bijels from

dilute immiscible polymer solutions creating a water-water interface which has

a negligible interfacial tension. A bijel made from dilute immiscible polymer

solutions has been demonstrated experimentally and was stabilised by micro-

organisms as opposed to particles. The location of micro-organisms at such an

interface can then be attributed to the preference of the mirco-organisms to be

in neither phase and thus the wetting characteristics are no longer as crucial but

the choice of polymer solutions may be [87].

The second requirement for bijel formation is that the partially miscible liquids

need to be at a composition close to the critical point [31]. This requirements is

needed because the phase separation mechanism depends on the liquid weight

fraction and only spinodal decomposition leads to a temporary bicontinuous

structure (see Figure 2.4). Therefore, in order to create a bicontinuous structure,

the phase separation must occur by spinodal decomposition. For compositions

close to the critical point the nucleation region can be bypassed meaning that
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Figure 2.12 A reaction scheme for modifying a silanol surface group on a silica
particle with HMDS to make it more hydrophobic.

only spinodal decomposition occurs producing a fully bicontinuous structure.

Further away from the critical point the quench passes through the nucleation

region and thus droplets are formed. This requirement also limits the possible

liquid pairs that could be used to form a bicontinuous structure to those that

are partially miscible with a transition between mixed and demixed states within

the experimental temperature range. In addition, the fabrication of the bijel is

simpler with partially miscible liquids with a symmetrical phase digram because

this determines the volumes of the two immiscible phases and in order to make

a fully bicontinuous structure the volume of each phase must be approximately

equal [91]. In addition, the density of the two partially miscible liquids used must

be similar in order to prevent the structure having a short shelf-life.

The size and structure of the bijel domains is controlled by the factors mentioned

above and additionally the particle volume fraction, the particle size, the quench

rate, the quench depth and the particle shape [25, 26, 32]. The domain size is

controlled by the particle volume fraction and particle size with the pore size

scaling as a/Φv where a is the radius of the particle and Φv is the volume fraction

of particles used [5]. Increasing the particle volume fraction decreases the domain

size because a larger interfacial area can be covered and thus the jamming occurs

earlier in the phase separation process (see Figure 2.13). It has been observed

that, if the particle volume fraction becomes too low the morphology of the

structure starts to change [25]. This result indicates that the size of the domains

that can be supported in a bijel is limited.

Decreasing the size of the particles at fixed particle volume fraction also decreases

the domain size. This behaviour is again due to the jamming of the particles

during phase separation and specifically at what point in the phase separation

this occurs. For smaller particles, more particles are present at a given volume
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Figure 2.13 A diagram showing how the structure of the bijel changes with
particle volume fraction and particle size.

fraction than for larger particles and thus a larger interfacial area can be covered

by particles (see Figure 2.13). Therefore, the jamming of the particles at the

interface will happen earlier in the phase separation process creating smaller

stabilised domains [17]. There are a few additional factors linked to particle

size that can affect bijel formation. Firstly, smaller particles have a smaller free

energy of detachment from the interface due to the scaling with the particle radius

squared and this could prevent bijels being formed (see Equation 2.14). Secondly,

the movement of larger particles due to Brownian motion is on a much slower

timescale compared to smaller particles. This timescale could affect when the

jamming of particles occurs and hence the domain size. Thirdly, smaller particles

can support a greater curvature of the interface since to make a bijel the particles

have a net contact angle is 90◦ and therefore because several smaller particles

cover the same interfacial area as a larger particle more curved domains can be

realised with smaller particles. Finally, using smaller particles results in a less

rigid interface which has been demonstrated to reduce the drive to a particular

curvature for particles that are not perfectly neutrally wetting. Smaller particles

then lead to more robust bijels and it was observed that it was possible to create

a bijel with much slower quench rates when using significantly smaller particles

[92]. That said the smallest particles that have been used to stabilise a bijel

structure made by the original method are 50 nm in radius [93] which are still

larger than many functional nanoparticles and this limit can be ascribed to reason

one above.

The quench rate can determine the morphology of the solid-stabilised structure,

in particular whether or not a bijel structure is formed, with faster quenches
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more reliably producing bijel structures [92, 93]. As mentioned above, the

dependence on quench rate is also tied to particle size and the size dependence

was hypothesised to be due to the range in contact angles of the particles used

[92]. The improved morphology with faster quench rates has been attributed to

faster quench rates leading to faster phase separation and this could have benefits

for two reasons. The first reason being that the particles have less time to adsorb

one of the liquids onto their surfaces which modifies the contact angle at the

interface. The second reason being that faster jamming prevents the particles

from interacting with each other at the interface beforehand [93]. The quench

depth determines the final strength of the bijel with deeper quenches resulting in

larger values of both the elastic and viscous moduli because there is an increase in

the interfacial tension between the two phases as the temperature moves further

away from the critical temperature leading to the possibility of more strongly

adsorbed particles and a more rigid interface [30]. The more rigid interface could

be a consequence of particle-stabilised interfaces having elastic moduli that scale

with γ/a [94].

A preliminary study into bijels stabilised by rod-shaped particles as opposed

to spherical ones has been undertaken by Hijnen et al. This study included

a visual comparison between rod-stabilised bijels and sphere-stabilised bijels

using a confocal microscope. This study found that the bijel domain sizes

were much smaller when using rod-shaped particles as opposed to spherical

particles at similar volume fractions [26]. This behaviour has also been observed

in simulations of sphere-stabilised and rod-stabilised bijels [67, 95]. The rod-

stabilised bijels were also observed to be more angular and support smaller

features compared to bijels stabilised by spherical particles [26]. In the same year

rod-shaped silica particles, fabricated by a different method, were used to stabilise

droplets from phase separating partially miscible liquids. That the authors used

water and 2,6-lutidine at the critical composition indicates that they were aiming

towards creating rod-stabilised bijels but have as of yet been unsuccessful. They

hypothesise that upon surface modification of their rods a rod-stabilised bijel

would be possible [96].

2.4.2 Drawbacks and Alternative Fabrication Methods

Unfortunately bijels still have some drawbacks, including the experimental

synthesis which, although simple, requires a high degree of precision from
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the experimentalist. In addition, as mentioned above, bijels require neutrally

wetting particles, which introduces a particle modification step, and partially

miscible liquids both of which limit the possible choices of components [31].

This choice is limited further by the need for the partially miscible liquids to

have symmetric phase diagrams, similar densities and a two-phase region at

experimentally accessible temperatures. Simulations that reliably produce bijels

involve an instantaneous quench however this is not possible experimentally and

therefore the structures can easily incorporate defects or additional droplets.

Simulations cannot be entirely compared to real bijels since, in order to use a

computationally relevant timescale, simulations utilise nanoparticles but it has

not yet been possible to create bijels using the phase separation of partially

miscible liquids experimentally stabilised by particles smaller than 50 nm [5, 93].

Additionally, processing bijels in order to make polymer templates has been

observed to sometimes cause the destruction of the bicontinuous structure and in

order to preserve this structure the choice and application of the monomer has

to be precise [30].

Recently, an alternative method to create bijels has been experimentally demon-

strated using solvent transfer-induced phase separation (STRIPS). This method

involves two immiscible liquids that become miscible in the presence of a third

solvent in the correct quantity (see Section 2.2.2). Microfluidics are then used to

pump a mixture of these three liquids, surfactant and nanoparticles into a large

reservoir of one of the immiscible liquids also containing surfactant. Therefore,

the solvent transfers from the initial ternary mixture into the bulk and leads to

phase separation within the ternary mixture. The interface between the liquids is

quickly stabilised by particles whose surfaces are covered by adsorbed surfactants.

This method produces bijel fibres or microparticles and can be adapted to form

bijel membranes [28]. Although this method does not require complicated particle

modification steps and many different ternary liquid mixtures can in principle be

used, it can only form small bicontinuous structures with fibres of diameter less

than 100 µm and still relies on phase separation via spinodal decomposition.

Polymeric Bicontinuous Structures

Similar to partially miscible liquids, polymers can be used to form bicontinuous

structures. However, phase separation can rarely be used to form the structure

from undiluted polymer melts because most polymers do not form partially
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miscible pairs [97]. One way to form such a structure is to mix a polymer blend

in a process called chaotic advection. A lamellar polymer blend is stretched

and folded repeatedly until holes begin to form in the layers leading to the

layers becoming interconnected and therefore a bicontinuous structure can be

formed [98]. Stabilisers, such as particles or di-block co-polymers, are not always

necessary for the formation and stability of the bicontinuous structure from

polymer blends [99, 100]. Indeed, it has been observed that the bicontinuous

polymer structure can be maintained by an annealing process. However, the

final structure formed was found to be dependent on the volume fractions of

the different polymer phases [99]. Nevertheless, it remains desirable to include

particles to create polymer blends with additional properties such as electrical

conductance, photo-sensitivity and catalytic behaviour as well as sometimes to

improve stability [51, 101]. One example of this is carbon black located at the

interface between two immiscible polymers with a bicontinuous morphology. The

interfacial location in a bicontinuous structure was found to lower the amount of

carbon black needed to form a conducting polymer. Therefore the mechanical

properties of the system are closer to that of the original polymer blend and the

financial cost of the system is also reduced because the carbon black is the most

expensive component [51, 102].

For other methods of creating bicontinuous structures from polymers, stabilisers,

either particles, surfactants or di-block polymers, are necessary either for

formation or stabilisation or both [97, 103, 104]. It has been observed that phase

separated di-block co-polymers can transition from a lamellar to a bicontinuous

morphology upon the addition of gold nanoparticles. In order for the phenomenon

to be observed, the nanoparticles must be carefully modified to have a high affinity

for the interface which is also necessary for bijels as described above [103]. The

addition of particles during the melt mixing of immiscible polymer blends can also

lead to bicontinuous structures. Si et al. found that at certain volume fractions of

the immiscible polymers and high enough modified clay platelet concentrations

bicontinuous structures were formed with a variety of different polymer blend

compositions. The authors hypothesised that the polymers graft onto the clay

platelets and thus create a favourable interaction between each polymer phase

and the grafted clay platelets and hence the platelets are found at the interface

[104]. This sort of in situ particle formation could be incredibly useful because

it circumvents the need to start with neutrally wetting particles.
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2.5 Rheology

Rheology is the study of the flow and deformation of matter. Many soft materials

are described as viscoelastic which means they exhibit both solid-like and liquid-

like behaviour. Rheology is an important technique for the characterisation of

viscoelastic materials. These materials often display a yield stress below which the

material displays solid-like behaviour but above this stress the material displays

liquid-like behaviour and can dissipate large amounts of energy. The yield stress

is described as the transition point from the material behaving like a solid to

behaving like a liquid [105]. Elastic Hookean solid behaviour is described by

σ = Gε where σ is the stress, G is the elastic modulus and ε is the strain.

Newtonian liquid behaviour is described by σ = ηε̇ where η is the viscosity and ε̇

is the strain rate [106].

For oscillatory shear experiments the strain is sinusoidal and can be described

as a harmonic oscillator ε = ε0 sin(ωt) where ω is the angular frequency that

determines the period of the oscillations, ε0 is the amplitude of the strain and t

is time [107]. The new expressions for the elastic solid behaviour and Newtonian

liquid behaviour in oscillatory shear are σ = Gε0 sin(ωt) and σ = ηε0ω cos(ωt)

respectively. A viscoelastic material is somewhere in between an elastic solid and

a viscous liquid and therefore these materials can be described by

σ = Gε0 sin(ωt) + ηε0ω cos(ωt) (2.15)

and from this equation we find the parameters G′ and G′′.

σ = ε0(G′ sin(ωt) +G′′ cos(ωt)) (2.16)

G′, which is called the storage or elastic modulus, describes the elastic behaviour

of the material. G′′, which is called the loss or viscous modulus, describes the

viscous behaviour of the material [105].

The mechanical properties of soft complex materials are important to study for

applications because these properties can determine how robust a product is and

the way the product will behave during use [30].
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2.5.1 Solid-Stabilised Emulsions

The rheological properties of droplet emulsions stabilised by solid particles have

been widely studied [23, 40, 41, 44, 79, 108, 109]. The modification of droplet

interactions and the changes in the interfacial rheology by the addition of particles

mean that the resulting emulsions have differing rheological properties to those of

the constituent parts [23, 46]. Indeed, surfactant-stabilised droplets have shown

different elastic properties to those stabilised by particles at high volume fractions

of droplets and this is thought to be due to the difference in the interfaces [15,

23, 39, 108, 110]. The idea that at large stresses soft materials can transition

from behaving like a solid to behaving like a liquid is well established [23, 46].

For emulsions this transition has been connected with changes in the internal

structure of the material that cannot be reversed [46]. Despite a large number of

studies, the mechanical properties, which arise from the amalgamation of particle

interactions and the elastic nature of the interface, of particle-stabilised emulsions

are not exhaustively understood [15, 46, 108, 109].

Particle-Stabilised Interfaces

The elastic modulus of a particle stabilised interface has been related to γ/a where

γ is the interfacial tension between the two liquids and a is the particle radius

[94]. This relationship is important to consider for systems where the interfacial

tension is changing because this then modifies the behaviour of the particle-

stabilised interface (see Chapter 8). Additionally, it could indicate that more

resilient structures could be formed with smaller particles stabilising the interface.

Recently, interfacial rheology measurements and Langmuir trough compression

experiments have been performed for interfaces stabilised by either aggregated or

non-aggregated particles in order to establish whether the rheological response

determines emulsion stability [109]. Interfacial rheology is a relatively new

technique whereby the response of the interface itself can be probed using a ring

or bicone that sits at the interface between two liquids. It was found that particles

that aggregate at the interface increase the stiffness of the interface compared to

particles that do not aggregate but these two types of particles both had similar

compression isotherms and formed stable emulsions. This result implies that

aggregated particles are not necessary to form stable emulsions but the stiffer

interface may have consequences on the bulk rheology [109].
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Furthermore, the elastic modulus for emulsions stabilised by surfactants has been

related to the Laplace pressure γ/R where γ is the interfacial tension and R is

the droplet radius [111]. Despite this, it has been experimentally shown that the

elastic modulus does not scale with γ/R for all particle-stabilised emulsions but

can still be considered to scale with 1/R [23, 39, 110]. This result indicates that

the elastic modulus is controlled by more than just the Laplace pressure of the

droplets and this has been attributed to the strong interactions at the particle-

stabilised interface [23]. For the most part this behaviour has been observed

for concentrated emulsions where flocculation between droplets is significant and

the flocculation could of course be altering the elasticity behaviour [23, 110].

Regardless, this scaling has implications for the comparison between systems

with different interface separations because it will modify the behaviour of the

system (see Chapters 5 and 6). Interestingly, for an emulsion with a biliquid

foam structure, the elastic modulus in the linear viscoelastic regime was found

to scale with γ/a similar to particle-stabilised interfaces rather than γ/R as for

surfactant-stabilised droplets [46]. A similar response could be envisaged for the

bijel structure because it has a similar percolating particle-network.

Droplets

Droplets stabilised by solid particles at high volume fractions in a variety

of systems have been found to display elastic properties because the elastic

modulus was found to be significantly higher than the viscous modulus in the

linear viscoelastic regime [23, 40, 41, 110]. This is thought to be because

droplets are generally repulsive and thus the droplet will deform in preference

to the interfaces colliding [23, 41, 110]. Indeed, this deformation has been

observed in microscopy images when combining oscillatory shear experiments

on a solid-stabilised emulsion with confocal microscopy imaging [109]. Despite

this, elastic properties were still observed when oil droplets were crystallised at

lower temperatures and thus unable to deform although the moduli were found to

be lower than those for liquid droplets at higher temperatures. In this instance,

these properties have been attributed instead to the droplets flocculating and a

particle network forming in the continuous phase. It is worth noting that this

system contained surfactants in combination with particles and this could well

affect the behaviour of the emulsions [112].

In many other cases, higher values of the elastic modulus have been observed when
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droplets flocculate or when in the presence of an internal continuous network of

particles between the droplets [9, 23, 44, 113, 114]. Droplet flocculation can be

caused by particles adsorbing to two interfaces and thus sticking the droplets

together in a phenomenon called bridging [114]. The particle network could

also induce a perceived droplet flocculation by chains of particles attaching to

particle-stabilised interfaces and thus joining droplets together. The presence

of the particle network in the continuous phase was found to be determined by

several factors including particle content, anisotropy of the particles and salt

concentration, which alters the particle interactions [44, 45, 113, 115]. The effect

of particle anisotropy has only been determined using silica particles that are

permanent aggregates of smaller particles. These fractal particles become pinned

to the interface creating strong capillary interactions. In addition, when particle

interactions are attractive, network formation occurs in the continuous phase

[44, 45]. That a space-spanning particle network in the continuous phase of

droplet emulsions increases the value of the elastic moduli means that it is likely

that the continuous particle network in the bijel leads to higher moduli and more

solid-like behaviour than that observed for droplet emulsions.

In general emulsions have been observed to display shear thinning behaviour

which means that with increasing shear it becomes easier for the sample to flow.

This behaviour has been attributed to the droplets aligning at higher shear rates

or flocculated droplets being redispersed [44, 112, 115]. This behaviour occurs

regardless of the stabilisation type but only occurs for particle-stabilised emulsions

without a network of particles in the continuous phase. Despite this, Wolf et al.

found that high volume fractions of droplets stabilised by a densely packed layer

of particles imitate the rheological behaviour of suspensions of solid particles with

a region of shear thickening sandwiched between regions of shear thinning. The

presence of the second shear thinning region was not observed for suspensions and

is not fully understood [108]. It is not explicitly mentioned in this paper but the

first shear thinning region could be due to droplets aligning or being redispersed

as mentioned above. The shear thickening region was attributed to the formation

of a transient network of droplets [108]. The behaviour observed in this paper is

in contrast to the hypothesis that droplets deform as a response to stress because

generally the particles in suspensions cannot deform and the deformation would

prevent the formation of a droplet network. At lower volume fractions of droplets

viscous behaviour is observed since the droplets are able to easily flow past each

other [46, 108, 110]. The volume fraction of the droplets has a major influence on

the rheological behaviour of droplet emulsions but this is not relevant for bijels
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since both phases are continuous.

It is also possible to combine rheological studies with imaging using a confocal

microscope. This technique has been used to directly observe changes in the

internal structure of emulsions whilst oscillatory shear was applied. The authors

also looked into the differences between droplets stabilised by particles with

attractive interactions, those stabilised by particles with repulsive interactions

and biliquid foams [46]. Biliquid foams are foam-like structures where instead of

liquid and air they consist of two liquids and can only be formed from emulsions

stabilised by solid particles [23]. The changes in the internal structure for

repulsive droplets at high strain were observed to take the form of cage breaking,

where the droplets move out of alignment with each other [46]. This observation

is consistent with the hypothesis for droplet elasticity given above [41]. For

attractive droplets that form a percolating network, whole sample yielding, where

the network of droplets is broken, was observed at high strain. For biliquid

foams, stabilisation failure, where the emulsion is completely destroyed because

the interface is broken and the droplets coalesce, was observed at high strain.

Thus, the response to high strain has been shown to be dependent on the type of

interactions between the droplets. At lower strains, droplet emulsions can deform

by liquid-like behaviour with droplets flowing past each other [46]. Liquid-like

behaviour is unlikely to be observed for bijels at low strain because the bijel has

a connected network of particles at the interface that needs to be free to move

before the bijel can flow and hence at low strain it is expected to behave like a

solid. The particle network in the biliquid foam can be described as a similar

structure to the continuous interface of the bijel which allows for the tentative

prediction that the bijel’s response to high strain would be emulsion destruction.

2.5.2 Centrifugal Compression

Unfortunately, to date, it has been complicated to use rheology directly for

measuring mechanical properties of the bijel made by the jamming of particles

during the spinodal decomposition of partially miscible liquids. It is difficult to

use rheology to investigate the mechanical properties of the bijel because the

premix for the bijel is a liquid and the formed bijel could be distorted by the

liquids flowing out of the structure. In addition, it cannot easily be confirmed that

a bijel has been made and the quench rate is limited by the rheometer controls.

A solution to this problem would be to use a method that measurably shears
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or compresses the bijel within the confines of a cuvette. Such a method would

also permit the internal structure to be imaged before and after the compression

experiment. An example of such a method is centrifugal compression which has

been used to study the compression of both a suspension of colloidal particles in

water and a droplet emulsion [15, 116]. This method can be adapted in order

to probe the bijel in a manner analogous to a squeeze flow experiment where

a compressive force is applied in one direction but which is in actual fact an

enhancement of the gravitational force experienced by the sample [105]. This

method does differ from conventional squeeze flow experiments in that the sample

cannot move laterally when compression is applied due to the confines of the

cuvette.

The centrifuge works by rapidly rotating the sample and thus in the rotating

reference frame the sample experiences a centrifugal force. This force generates

larger gradients in the hydrostatic pressure than for a liquid sample under gravity

and therefore is often referred to as an enhancement of gravity. The large gradient

in the hydrostatic pressure causes the low density liquids rise to the top of the

sample and the high density particles are pulled to the base of the sample. The

liquids that are found above the main sample after centrifugal compression are

called resolved liquids. In the bijel the particles have the highest density and

therefore the structure can be said to experience a compressional force. By

altering the speed with which the centrifuge rotates the force (F ) the sample

experiences can be varied:

F = mω2r (2.17)

where r is the radius from the axis of rotation, ω is the angular velocity and m is

the mass of material above a given point in the sample (see also Figure 2.14). The

stress applied to the sample can simply be calculated using the equation shown

below for the force and dividing it by the area of the applied force. This method

can also be used to separate out emulsions when it is necessary to remove the

products of a reaction happening in the emulsion.

Nordstrom et al. developed a theory for, and ran experiments on, the centrifugal

compression of suspensions of incompressible colloidal particles in water. The

theory involved considerations of mass conservation, balancing compression, drag

and buoyancy forces and a model for compressive stress versus strain of particle

packing. Although this theory is undoubtedly useful, it cannot be directly applied
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Figure 2.14 A diagram showing the experimental set-up for a centrifugal com-
pression experiment with the relevant parameters from Equation
2.17. Adapted from [15].

to the bijel case since the model and the mass conservation apply to the particles.

The theory could be modified in order to predict the reaction of the particles in

the bijel to centrifugal compression by substituting the buoyancy force with the

energy of detachment from the interface. However, this theory would still not

predict the behaviour of the bijel as a whole. The authors measured the height

ratio (final height/original height orHc/H) of the samples with radial acceleration

in order to quantify the compression. A constant maximum strain was observed

for polymer particles with different cross-link densities and this was attributed

to the incompressible nature of the particles. In addition, the particles retained

their spherical shape after compression [116].

The centrifugal compression of emulsions is more likely to have similarities with

the compression of bijels than the compression of suspensions of particles. The

centrifugal compression of emulsions was investigated with droplet emulsions

stabilised by PMMA colloidal particles that act as hard spheres in order to

measure the equation of state. Another model was used here that was based on

surfactant-stabilised emulsions and therefore did not explain all of the observed

effects. Since the bijel has two continuous phases as opposed to one this model

becomes even less useful. The authors found that emulsions that were subjected

to faster angular velocities were compressed to higher volume fractions of droplets.

It was also shown that towards the bottom of the sample, the droplets become

more deformed due to an increased compressive force (see Equation 2.17). The
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deformation of the emulsion droplets was observed to lead to the formation of

a biliquid foam type structure indicating that centrifugal compression could be

utilised to create new solid-stabilised structures [15]. The modification of the

structure in response to an external field has also been observed in simulations of

phase separating systems, such as the bijel, when phase separation was performed

under electric or magnetic fields or close to a wall [117–119]. In addition, recovery

of the droplet emulsions after the compressive force had been removed was

observed as the resolved continuous liquid can return to the emulsion. This

recovery was, however, not complete indicating some form of attractive force

between the droplets and was attributed to either flocculation of particles or

the increasing viscosity of the interdroplet film due to the increase in density of

polymer hairs [15]. Several of the effects mentioned above are expected to be

observed in the compression of the bijel including more compressed structures

at the base of the cuvette and a minimum height ratio due to incompressible

particles.
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Chapter 3

Experimental Techniques

Experimental protocols or techniques with specific equipment that are used

in more than one results chapter have been outlined in this chapter. The

experimental protocols that are specific to one chapter are included in the relevant

chapter.

3.1 Synthesising Particles

Three different types of particles were used in this thesis, spherical silica particles

made by the Stöber method, fumed silica particles and anisotropic rod-shaped

particles with an akaganéite (iron oxide hydroxide) core and a silica shell. The

synthesis of the Stöber silica particles and the anisotropic rod-shaped silica

particles is detailed below. The fumed silica particles (HDK H30 and HDK

H2000) were a gift from Wacker-Chemie (Burghausen).

3.1.1 Spherical Paricles

The spherical silica particles synthesised using the Stöber method were made by

Andrew Schofield except those for the monogel samples used in Chapter 5 which

were made by Matthew Reeves. The Stöber method uses tetraethyl orthosilicate

(TEOS) as a precursor which, in solution with ethanol and ammonia, hydrolyses

and then condenses to form silica particles. The hydrolysis reaction is given by
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Si(OC2H5)4 + 4H2O −→ Si(OH)4 + 4C2H5OH

and the condensation reaction is given by

Si(OH)4 −→ SiO2 + 2H2O

which both occur in basic conditions due to the ammonia [120]. Additional silica

can then condense onto the seed particles to create larger particles until the

reaction is complete [89]. This method has the advantage of producing fairly

monodisperse silica particles with the final size controlled by the experimental

conditions. The particles used in Chapter 5 were fluorescently labelled using

rhodamine B isothiocyanate (RITC) during this process. The nanoparticles used

in Chapter 7 were fluorescently labelled subsequent to synthesis with fluorescein

isothiocyanate (FITC). These methods involve first reacting the required dye

molecule (RITC or FITC) with a large excess of 3-aminopropyl triethoxysilane

(APTES) by stirring the solution in the dark for 24 hours. The resulting molecule

can be covalently bonded to the silica to create fluorescent silica particles. This

reaction is performed by the addition of this molecule either during the silica

particle formation process or once the particles have been formed under stirring

in an ethanol and ammonia solution [121]. Specific details of the particles used

are given in each chapter. After fabrication the particles were washed ten times

with deionised water or ethanol to remove excess reagents.

3.1.2 Anisotropic Particles

The anisotropic rod-shaped particles used in Chapters 4 and 6 were synthesised

using the method outlined in [122] with some slight modifications as detailed in

[75] in order to obtain different aspect ratios. The first step involves synthesising

the akaganéite (iron oxide hydroxide) needles in order to form a template and

the second step involves silica coating these needles.

Materials

Iron (III) chloride (FeCl3, Sigma-Aldrich), hydrochloric acid (HCl, ∼37 wt%,

Analytical Reagent Grade, Fisher Scientific), polyvinylpyrrolidinone (PVP)

(Mw 40,000, K30, Sigma-Aldrich), fluorescein isothiocyanate (FITC) (isomer I,
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Sigma-Aldrich), absolute ethanol (AnalaR NORMAPUR, VWR), 3-aminopropyl

triethoxysilane (APTES) (99%, Sigma-Aldrich), tetraethyl orthosilicate (TEOS)

(≥99.0%, GC, Sigma-Aldrich) and ammonia solution (35 wt%, Certified AR for

analysis, Fisher Scientific) were used as received. A Fisons Fi-Stream 4 L still

was used to distil the water.

Synthesising Akaganéite Needles

To make the long needles used in Chapter 4, a 0.6 M FeCl3 and 0.07 M HCl

(∼37 wt%) solution was prepared by adding 50 g of FeCl3 to a 500 mL bottle

followed by 400 mL of distilled water. Then 3.47 g of HCl was added followed

by another 100 mL of distilled water. The solution was hand shaken to mix and

filtered through Whatman filter paper to remove impurities. The solution was

then heated in a Binder oven (preheated and set to 122◦C) and left to age for 36

hours which leads to the precipitation of the needles.

To make the intermediate length needles used in Chapter 6, a 0.6 M FeCl3 and

0.07 M HCl (∼37 wt%) solution was prepared by adding 50 g of FeCl3 to a 500

mL bottle followed by 400 mL of distilled water. Then 3.47 g of HCl was added

followed by another 100 mL of distilled water. The solution was hand shaken

to mix and filtered through Whatman filter paper to remove impurities. The

solution was then heated in a Binder oven (preheated and set to 122◦C) and left

to age for 24 hours which leads to the precipitation of the needles.

To make the short needles used in Chapter 4, a 0.1 M FeCl3 and 4 mM HCl

solution was prepared by adding 8 g of FeCl3 to a 500 mL bottle followed by

400 mL of distilled water. Then 0.2 g of HCl (∼37 wt%) was added followed by

another 100 mL of distilled water. The solution was hand shaken to mix and

filtered through Whatman filter paper to remove impurities. The solution was

then heated in a Binder oven (preheated and set to 122◦C) and left to age for 24

hours which leads to the precipitation of the needles.

After this for all needle lengths, the majority of the supernatant liquid was poured

off retaining the needles which were then dispersed in the remaining liquid by

shaking. This suspension was then split across eight – ten 28 mL vials and

the needles were washed with distilled water 5 – 6 times until a neutral pH

was obtained. The needles were purified to remove large aggregates and small

needles by centrifugation in a Thermo-Scientific Sorvall ST40 centrifuge. For the
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short needles used in Chapter 4, the small needles were removed by spinning the

suspensions at 2500 rpm (1080 g) for 40 minutes in the centrifuge and discarding

the supernatant. The aggregates were removed by spinning the suspensions at

300 rpm (15 g) for 10 minutes and retaining the supernatant by transferring it to a

new vial. For the long needles used in Chapter 4, the small needles were removed

by spinning the suspensions at 2000 rpm (690 g) for 20 minutes in the centrifuge

and discarding the supernatant. The larger needles sediment more easily than the

short needles because they are heavier and thus it was difficult to remove large

aggregates by centrifugation within the centrifuge limits and this step was not

completed. For the intermediate length rods used in Chapter 6, the first batch of

rods were purified by centrifugation but the second batch were not. This did not

appear to affect the aspect ratio and polydispersity of the rod-shaped particles

produced although the second batch of rods were slightly larger in length and

width. For the first batch of intermediate length rods, the small particles were

removed by centrifuging the suspensions at 2000 rpm (690 g) for 15 minutes and

discarding the supernatant. The large aggregates were removed by centrifuging

the suspension at 300 rpm (15 g) for 10 minutes and retaining the supernatant.

The needle weight fraction for each vial was then determined by weighing

two small samples from each vial into smaller pre-weighed vials. These were

centrifuged and the majority of the supernatant carefully removed before the

remaining water was evaporated off in a drying oven at 50◦C overnight. The

weight of the dried needles was then determined and converted into a weight

fraction. The average weight fraction of the two samples was then used as the

needle weight fraction.

Silica Coating the Akaganéite Needles

Next the needle templates were coated with silica. First, a 2.5 mg/mL needle

solution in 100 mL of distilled water was made up using the known mass fractions

of needles in distilled water to get 250 mg of needles in the new solution. Before

the needles were added, 5.5 g of PVP (Mw 40,000 K30) was added to a 250 mL

bottle followed by the necessary volume of distilled water to finish with 100 mL of

distilled water giving a 55 mg/mL solution of PVP. This solution was dispersed

in the ultrasonic bath. The required mass of needles in distilled water was then

added to the PVP solution and dispersed in the ultrasonic bath for approximately

1 hour. The mixture was stirred overnight before it was transferred to eight – ten
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28 mL vials. The mixture was then centrifuged for 1 hour and the supernatant

removed. The needles were redispersed in 160 g of ethanol by sonication and

transferred back into the 250 mL bottle. 14.6 g of ammonia solution was added

to the needles in ethanol mixture and the mixture stirred.

For a plain silica coating, 8 additions in 750 µL quantities of a 1:1 v/v solution of

TEOS and ethanol were added to the needles in the ethanol and ammonia solution

under stirring with 20 – 30 minutes between additions. Between the fourth and

fifth additions, 25 mL of a 0.1 g/mL PVP solution in ethanol was added to the

stirred mixture. After all 8 additions, the mixture was left to stir overnight and

the particle suspension was then transferred into ten 28 mL vials. The particles

were washed once with ethanol then 5 – 6 times with distilled water. For the long

rods used in Chapter 4, it was necessary to remove small spherical silica particles

that were formed by secondary nucleation in the silica coating step. This was

achieved by spinning the particle suspension at 1800 rpm (560 g) for 15 minutes

in a centrifuge and removing the supernatant. This step was repeated until the

supernatant was clear. The particle weight fraction was then determined using

the method described above.

For a thin FITC-labelled silica layer between the akaganéite needle and a thick

plain silica layer, approximately 10 mL of a 0.66 mM solution of FITC in ethanol

was made up and APTES added to make a 0.17 M APTES solution. This solution

was covered to keep out the light and then stirred overnight for the FITC and

APTES to react. The FITC/APTES in ethanol solution was then mixed with

TEOS at 1:1 v/v by sonication to make the silica coating solution. Two additions

of 750 µL of the silica coating solution (FITC/APTES/TEOS) were then added

dropwise under stirring to the needle suspension with 20 – 30 minutes between

them. The bottle was then placed in the ultrasonic bath for 2.5 hours with the

water frequently changed to prevent heating. Two hours after the first addition

of the silica coating solution, 25 mL of a 0.1 g/mL solution of PVP in ethanol

was added. After the full ultrasonication time, the mixture was then left to stir

overnight. The next day the particle suspension was transferred to ten 28 mL

vials and the particles washed once with ethanol and multiple times with distilled

water. The particles were then centrifuged for 1 hour at 2500 rpm (1080 g), the

supernatant removed, the particles redispersed in 160 g of ethanol and poured

back into the 250 mL bottle. 1.04 g of PVP was added to this solution to get a

0.65 wt% PVP solution in ethanol and the solution was stirred overnight. The

next day ammonia solution (13.6 g) was added to the particle suspension. A 1:1
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v/v solution of TEOS in ethanol was made up and eight 750 µL additions of this

solution were added to the particle solution under stirring with 20 – 30 minutes

between additions. Between the fourth and fifth additions 1.5 g of PVP, 1 g of

ammonia solution and 12 g of ethanol were added to the solution. After all 8

additions, the solution was left to stir overnight. Then the particle suspension was

transferred to ten 28 mL vials and the particles washed 5 – 6 times with ethanol.

Silica spheres created by secondary nucleation were also removed at this step by

spinning at 1500 rpm (390 g) for 10 minutes. A final silica coating was applied in

order to remove any PVP on the surface by first dispersing the particles in 140

g of ethanol and returning them to the 250 mL bottle. Next 11.5 g of ammonia

solution was added to the bottle and the solution stirred. Finally 300 µL of

TEOS was added dropwise to the solution under stirring and the mixture stirred

overnight. Next the particle suspension was transferred to eight 28 mL vials and

the particles washed with ethanol 5 – 6 times. The particle weight fraction was

then determined using the method described above.

3.1.3 Modifying Particle Wettability

In order to obtain neutral wetting, the surface of both the spherical and rod-

shaped silica particles was modified with hexamethyl disilazane (HMDS). For the

spherical RITC-labelled particles, the relevant mass of HMDS was between 0.41

– 0.43 g for batch 1 and 0.13 – 0.14 g for batch 2 (see Appendix A for information

on the HMDS mass fraction required for bijel formation). The HMDS was then

added to a 2.4 wt% solution of the spherical particles in ethanol followed by 0.7 g

of ammonia solution (∼35 wt%). For the rod-shaped FITC-labelled particles, the

relevant mass of HMDS was between 0.09 – 0.12 g for both batches of particles.

The HMDS was then added to a 1.2 wt% solution of the rod-shaped particles

in ethanol followed by 0.7 g of ammonia solution (∼35 wt%). The lower weight

fraction of rods was used in order for the particles to have a similar surface area to

the spherical particles for the HMDS modification. For both types of particle, the

mixture was stirred at 1000 rpm for 24 hours on a Variomag multipoint magnetic

mixer (with six places) at room temperature and the particles were then washed

with ethanol five times. The particles were dried in a preheated Binder oven set

to 120◦C for 30 minutes to remove the solvent. The particle cake was ground up

with a spatula to ensure even drying and then the particles were returned to the

oven for a further hour of drying under full vacuum. Once dried the particles

were used immediately because adsorbed water can change the silica wetting
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properties.

3.2 Microscopy

Microscopy has been used in thesis in order to observe the droplets or bicontinuous

structure of samples at the micron scale. By using fluorescent dyes confocal

microscopy was also utilised which adds further information on the location of

the particles (if also fluorescently labelled) and which liquid is the dispersed

phase in the case of emulsions. All image analysis including improving brightness

and contrast and adding scale bars was performed using FIJI [123]. In addition

to microscopy, macroscopic images were taken throughout this thesis using a

FujiFilm FinePix S9600 camera.

3.2.1 Optical Microscopy

In Chapter 4 the emulsions were imaged microscopically using either the Olympus

BX50 microscope with a ×5 objective and a QImaging QICAM Fast 1394 camera

or the Nikon Eclipse E800 microscope with a ×20 objective and a QImaging

Retiga 2000R Fast 1394 camera. A large plastic pipette was used to transfer

the sample to a glass microscope slide containing a circular depression. For the

Olympus microscope the sample was imaged without a cover slide but for the

Nikon microscope a cover slide was placed over the top of the depression. For

both microscopes, QImaging software was used to capture images and these were

saved as tif files. The scale of the Olympus microscope was determined for every

set of images using a Pyser-Sci graticule and this was input into the FIJI software.

The scale of the Nikon microscope was pre-set by the microscope software. All

image analysis was performed using the FIJI software and image manipulation

was limited to brightness and contrast alterations. All droplet sizing was also

performed in FIJI by measuring the diameter of the droplets by hand.

3.2.2 Confocal Microscopy

In all but one of the results chapters in this thesis laser scanning confocal

microscopy was employed to image the emulsions and bijels. It works by scanning

a point laser of a given wavelength across the sample, sending the emitted
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488 nm Laser 555 nm Laser

Figure 3.1 Screen shots showing a typical laser set-up including the fluorescence
spectra for fluorescein (488 nm laser) and RITC-labelled particles
(555 nm laser) on the Zeiss confocal microscope.

fluorescent light through a photomultiplier and then collecting the intensity data

for each location in order to make an image. The first benefit of using a confocal

microscope is that it removes unwanted fluorescence from places not in the focal

plane by the placement of a pinhole before the light reaches the photomultiplier

leading to sharp images of the sample in that focal plane. A second benefit

to using a confocal microscope it that both the particles and one of the liquid

phases can be imaged simultaneously provided they are labelled with dyes that

have minimal overlap in their fluorescence spectra.

In Chapters 4, 5, 6 and 7 a Zeiss LSM 700 laser scanning microscope was used

to perform the confocal microscopy. A variety of methods were used in order to

contain the sample for confocal imaging and these are specified in the methods

sections of the individual chapters. The objectives used ranged from the ×10

and ×20 air objectives to the ×63 oil immersion objective and different dye

combinations that utilise the 555 nm and 488 nm solid-state lasers were used.

These include FITC-labelled particles (488 nm) with nile red dye (555 nm),

RITC-labelled particles (555 nm) with fluorescein dye (488 nm) and nile red (555

54



nm) with fluorescein (488 nm). An example laser set-up for the RITC-labelled

particles and fluorescein-labelled liquid is shown in Figure 3.1. In general a long-

pass filter at 560 nm was applied to the emitted light excited by the 555 nm

laser in order to remove reflected light. In addition, for the rod-shaped particle-

stabilised bijels in Chapter 6 a short pass filter at 555 nm was added to the

light emitted from the 488 nm laser excitation without which it was not possible

to observe the rods. The same short pass filter was used to image the bijels

made by mixing in Chapter 7. A dichroic mirror was used to split the two

fluorescence emissions from the different dyes and send the light to two different

photomultipliers. For the imaging performed in Chapters 4, 5 and 6 the dichroic

mirror split the fluorescence at 530 nm and for the imaging performed in Chapter

7 the dichroic mirror split the fluorescence at 560 nm. The images were captured

using the ZEN 2009 software from Zeiss. All image analysis was performed in

the FIJI software and image manipulation was limited to brightness and contrast

alterations except for where deconvolution of z-stacks has been performed using

the Huygens®software (Scientific Volume Imaging) which is specified in the text.

In addition, in Chapter 7 a Leica (DMi8 TCS SP8) confocal microscope was used

in combination with a rheometer in order to perform rheology experiments whilst

simultaneously imaging the structure. Confocal microscopy was performed using

the 488 nm and 552 nm lasers to excite the FITC-labelled particles and the nile

red-labelled glycerol respectively. The Leica Application Suite was used to specify

the wavelengths of light recorded by each detector and to capture images. All

image analysis was performed using the FIJI software and image manipulation

was limited to brightness and contrast alterations.

3.3 Transmission Electron Microscopy and

Scanning Electron Microscopy

Transmission electron microscopy (TEM) and scanning electron microscopy

(SEM) were both used to characterise particle size for spherical and rod-shaped

particles. The SEM used was a JEOL JSM-6010PLUS/LV with TouchScope

software. The TEM used was a JEOL JEM-1400 Plus TE, representative images

were collected on a GATAN OneView camera and it was used with the assistance

of Steve Mitchell. Both of these techniques enable smaller objects to be clearly

resolved making them ideal for particle characterisation but since imaging occurs
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under vacuum these techniques cannot be used to directly observe emulsions.

In TEM the electron beam is transmitted through the sample and an image

formed by the interaction of electrons with the sample. Therefore it is also not

suitable for dense samples and care must be taken in order to dilute the sample

enough for decent imaging. In SEM the electron beam is scanned across the

sample surface and the production of secondary electrons is used to create an

image of the sample. SEM is often used for determining the details of surface

structures. For particle sizing, the SEM and TEM techniques are comparable

apart from that the particles need to be conductive in order to use SEM and

this can require additional coating steps. When using the SEM, a droplet of the

particles dispersed in ethanol was placed on top an adhesive carbon tab stuck to a

SEM stub and the liquid allowed to evaporate before loading onto the SEM. When

using the TEM, a droplet of particles dispersed in ethanol was placed on a copper

grid coated with a polymer and the solvent allowed to evaporated before loading

into the TEM. Once images had been taken the particle size was determined by

hand using FIJI. For spherical particles this sizing was done by measuring the

diameter of the particles and for rod-shaped particles both the diameter and the

length of the rod-shaped particles were measured. For rod-shaped particles it is

not possible to use an automatic method to find the particle dimensions and the

spherical particles were too densely packed for this and additional diluted grids

were not made up because time using the TEM was difficult to obtain.

3.4 Centrifugal Compression Experiments

In Chapters 5 and 6 centrifugal compression experiments on the bijel were

performed. The methodology and the subsequent data analysis relevant for both

chapters is given below.

3.4.1 Experiments

In order to undertake the centrifugal compression experiments a bijel contained

within a glass cuvette with a 1 mm pathlength (Starna Scientific 21-G-1) was

placed in a home-made protective silicone cover which fills in the gap between the

centrifuge buckets and the cuvette. These were then centrifuged in a thermostated

Thermo Scientific 3SR+ Multifuge centrifuge that has freely rotating buckets for
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Figure 3.2 A diagram showing the experimental set-up of a bijel sample inside
a cuvette during centrifugation. Adapted from [15].

5 minutes at a variety of rotation speeds (see Figure 3.2). These experiments

were performed at room temperature unless otherwise specified. When a different

temperature was used, the centrifuge was set on a pre-heating or pre-cooling cycle

and the bijels were only centrifuged when the desired temperature was reached.

The height measurements of the bijel were taken using a mounted calliper accurate

to 0.1 mm and the radius from the axis of rotation (r) was measured using a

different unmounted calliper also accurate to 0.1 mm.

Confocal microscopy images were taken of the internal structure of the samples

before and after centrifugal compression on the Zeiss laser scanning confocal

microscope (see Section 3.2.2). Some of the z-stacks taken were deconvolved

using the Huygens®software (Scientific Volume Imaging). This process improves

the image by first calculating a theoretical point spread function and then

taking it into account to improve the resolution, particularly in the Z direction.

Other microscopy images were taken on a Olympus BX50 microscope with a

×5 objective and a QImaging QICAM Fast 1394 camera. Macroscopic images

were taken using a a FujiFilm FinePix S9600 camera or the StringRay F-046B

camera on the Krüss easy drop tensiometer. Time lapse images were taken using a

QICAM Fast 1394 camera programmed with the QImaging software and recorded

as tif files.
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3.4.2 Data Analysis

The bijel domain sizes were determined by a pixel counting algorithm in

MATLAB (Mathworks) which was developed by Matthew Reeves. First the

confocal microscopy images of the fluorescent liquid domain were converted into

an array of numbers denoting the intensity of each pixel in the corresponding

location. The product of two brightness intensities (Ii × Ij) at a given distance

apart was then calculated and at this distance the average of all the values of the

intensity products was taken. This is described mathematically as

ID =

∑
|i−j|=D

Ii × Ij

N
(3.1)

where Ii and Ij are pixel intensities at location i and j respectively, ID is the

average intensity value at a given distance D and N is the number of products

taken. This step was performed for distances between pixels from 0 to 200 pixels

apart. A graph was then plotted of these averaged values (ID) with the distance

between the pixels (an example is shown in Figure 3.3). The distance between

pixels where the first minimum in the product of brightness intensities occurs

then represents the interfacial separation. Although small values of the product

of intensities can be obtained by two dark pixels, these values are offset by taking
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Figure 3.3 An example of a graph of the average product of intensities (ID)
against distance between pixels that was used to determine the
interface separation.
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the average value for a given distance between pixel pairs which also must include

the large values obtained for the product of two light pixels. The minimum in

intensity then corresponds to the distance where the largest number of pixel pairs

contain one light pixel (high value) and one dark pixel (low value) which gives

the interface separation. The reasons for using this method to determine the

interface separation are described in Appendix A.

Quantifying the Anisotropic Structure

After compression the bijel was observed to display an anisotropic structure. In

order to quantify this structure, the intensity peak in the horizontal and vertical

directions of fast Fourier transforms (FFT) of confocal microscopy images were

compared. The program FIJI was used to do this and before the peak was

extracted the FFT data was smoothed using the despeckle command. This

command can remove noise by replacing each pixel with the median value from

the 3 by 3 grid surrounding it. First the peak in intensity was extracted from the

FFT images from the intensity line in the horizontal or vertical direction that was

created from the average intensity over the 13 pixels around the central point (see

Figure 3.4a). The background intensity was estimated from the average intensity

value from two intensity lines at the edge of the image in both the horizontal and

vertical direction (see Figure 3.4a). This background intensity for each FFT was

then subtracted from its respective peak curve and the average of the five peak
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Figure 3.4 a: An FFT image where the regions of interest from which the peaks
are generated are enclosed in yellow boxes and the regions from which
the background values are generated are given by yellow lines. b:
A graph showing a peak from the fast Fourier transform after the
background has been subtracted (red) and the respective fit function
(black).
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curves from the five images taken at the same height in the sample was calculated.

Two Lorentzian fits summed together (see Equation 3.2) were employed to fit the

line shape of the average peak in the FFT in the horizontal and vertical directions

of the images (see Figure 3.4b). This fit was chosen simply because it appeared to

give the best fit of the line shape and the fitting was performed using the Solver

function in Microsoft Excel. The fitting equation is given by

y = b1

(
1
π
γ1
2

(x− x0)2 + (γ1
2

)2

)
+ b2

(
1
π
γ2
2

(x− x0)2 + (γ2
2

)2

)
+ C (3.2)

where y is the intensity, x is the distance in the FFT in µm-1, x0 is the location

of the peak and b1, γ1, b2, γ2 and C are fitting parameters. The full width half

maximum (FWHM) of each peak was then extracted using the width from the

fitted peak at half the maximum of the original peak. The original peak was used

to find the half maximum because often the fit cut off the top of the peak (see

Figure 3.4b). This calculation was performed using MATLAB (Mathworks) to

solve Equation 3.2 with the calculated parameters at the half maximum. The

standard errors for the values of the FWHM were found by first finding the

FWHM values for each individual image to determine the standard deviation

and then dividing the standard deviation by the square root of the number of

images.

Creating Stress versus Internal Strain Graphs

Using the FWHM values to quantify the anisotropic structure enables a stress

versus internal strain graph to be plotted. At different heights within the cuvette

the radius from the axis of rotation (r) and the mass above the sample (m)

change (see Equation 2.17) and therefore the force changes. This calculation

assumes that the cuvette rotates in the orientation shown in Figure 3.2 but this

seems plausible given that the centrifuge buckets can freely rotate. The force

at these different heights can then be used to calculate the stress by dividing it

by the area the force acts upon, which is the internal area of the cuvette. The

FWHM values in the horizontal direction of the image were used to calculate

the internal strain by comparing it to the average FWHM value obtained from

images taken before compression. This protocol allows the deformation of the

internal structure of the bijel to be quantified. The strain (ε) for a compression
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experiment is calculated using

ε =
c0 − c
c0

(3.3)

where c0 is the initial length scale and c is the compressed length scale. In these

experiments, Fourier space was used to quantify the deformation of the bijel and

thus Equation 3.3 needs to be modified using q0 = 2π
c0

and q = 2π
c

where q0 and q

are the initial and compressed length scales in Fourier space. The internal strain

then becomes

εint = 1− q0

q
. (3.4)

Analysing the Interfacial Surface Area

The FWHM data can be further utilised to determine the changes in the

interfacial surface area. This is achieved by modelling the initial bijel domains as

cubes with equal sides and the compressed domains as oblate cuboids with two

long sides and one short side (see Figure 3.5). The reciprocal of the FWHM value

in the vertical direction was used as the length of long edges and the reciprocal of

the FWHM value for the horizontal direction was used as the length of the short

edge. From this data the length of a side of a cube (l) with the same surface area

as the oblate cuboid can be calculated using

l =

√
v2 + 2vh

3
(3.5)

where v = 2π/FWHMv and h = 2π/FWHMh. The length of this cube can

then be compared to the length of a side of the cube before any compression

experiments to estimate whether or not the surface area of the interface has

changed. Any changes in the length of the hypothetical cube with the height down

the cuvette then can also indicate whether the interfacial surface area changes

with the structure.
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Figure 3.5 A diagram showing the changes in the dimensions of a cube
upon compression and indicating how these changes, combined with
FWHM data, was used to estimate the interfacial area.

The total interfacial surface area can then be calculated from

SA = 6l2 ×Nc (3.6)

where SA is the total interfacial surface area and Nc is the number of cubes. The

number of cubes (Nc) still needs to be determined and this can be done using

VT = Nc × l3 (3.7)

where VT is the total volume of the sample. From these calculations the total

interfacial area of the sample before and after compression can be calculated and

compared.
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Chapter 4

Emulsions Stabilised by Rod-Shaped

Particles

4.1 Introduction

That particles can be efficient stabilisers of the unfavourable interface between

two immiscible phases in emulsions has been known for over a century and in the

last couple of decades exploiting this stabilisation in a variety of ways has become

a popular area of research [9]. One particular phenomenon that has been observed

is the flocculation of droplets due to the sharing of particles between two droplet

interfaces [16, 64, 114, 124–126]. Bridging occurs when there are not enough

particles to fully cover the created interface and the particles are preferentially

wetted by the continuous phase [16]. The second condition is important because

the three-phase contact angle (θ) for the particle is defined by Young’s equation

cos(θ) =
γso − γsw
γow

(4.1)

where γso is the interfacial tensions between the solid particle and the oil phase,

γsw is the interfacial tension between the solid particle and the aqueous phase

and γow is the interfacial tension between the oil and the aqueous phase. Young’s

equation can only be satisfied at both interfaces for a bridging particle if the

particle has a preference for the continuous phase (see Figures 2.6 and 4.1) [127].

That the particles need to be preferentially wet by the continuous phase has

65



θ

θ

Figure 4.1 A diagram showing particle bridging between droplets and how the
contact angle at both interfaces remains the same. Adapted from
[16].

been demonstrated experimentally by Stancik et al. where water droplet was

brought into contact with a flat oil-water interface both of which were stabilised

by hydrophobic particles. This system demonstrated bridging with a monolayer

of particles between the droplet and the interface. In contrast, when an oil

droplet was brought into contact with a flat oil-water interface both of which

were stabilised by hydrophobic particles, the particles were swept from the region

between the two allowing coalescence of the two parts [128]. The coalescence will

only occur if there is the potential to create bare interface highlighting again the

stability of fully coated particle-stabilised droplets.

Bridged emulsions have been shown to have increased mechanical stability and

display gel-like properties [114, 127]. Bridging could be particularly useful for

applications where processability and stability are important. Despite this, these

emulsions often show a strong creaming destabilisation due to the clustering of

the droplets and the gel-like properties can inhibit emulsion flow [129]. Whether

or not the bridging of emulsion droplets is desirable must depend on the intended

application of the product. If even distribution of the emulsion is required

through, for example, a spray nozzle, bridging would be detrimental to the

application of the product. If, on the other hand, a robust emulsion that is

stable to coalescence over long periods of time and can be applied in bulk is

required, bridging could be beneficial. Of course, product separation by creaming

may remain a problem unless the densities and volumes of the immiscible liquids

can be tailored to remove this. The bridging of particles between two droplet

interfaces can produce an emulsion that is stable to coalescence without the need

to cover the entire interface in particles [61, 64, 124, 130]. That fewer particles are

needed to stabilise a bridged emulsion potentially reduces the cost or the changes

in system behaviour due to large volume fractions of particles. In addition, it
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is possible to create a percolating network of droplets in this manner which can

improve the strength and stability of the emulsion and provides the possibility of

using functional particles in a soft connected material [114]. However, in order

to create such a soft connected material certain wetting properties are required

similar to the bijel although for bridging they do not need to be quite as exact.

The bridging phenomenon has been observed not just in oil and water systems

[16, 61, 64, 114, 125, 127, 131] but also in blends of immiscible polymers [126,

132, 133] and systems involving ionic liquids [124, 130]. The work on bridged

droplets in immiscible polymer blends has focused on exploring the possibility

of improved rheological characteristics [126, 132, 133]. Thareja and Velankar

initially found that it was possible to bridge droplets of one polymer within

another using particles. This system did have gel-like behaviour although it

could not be conclusively linked to the bridging due to excess silica particles in

the continuous phase [132]. By changing the particle loading and the volumes of

the dispersed phase and the continuous phase, the solid-like rheological behaviour

was linked more strongly to the space-spanning percolating network of droplets

that can be created by bridging. Another study decoupled the bulk and the

liquid-liquid interface contributions in order to attribute the gel-like behaviour

to the bridged structure or the interfacial rheology or both [133]. Regardless, the

presence of a bridged structure improves the strength of the polymer blends and

stabilises the structure with respect to droplet coalescence [126, 132, 133].

For polymeric bridged droplets at lower particle content all the particles were

observed to be located in the bridging regions. With increasing particle content

they covered more of the droplet interface and promoted bridging between

multiple droplets forming a percolated network as mentioned above [126].

Similarly, when using an ionic liquid as one of the phases, at intermediate particle

content, the particles were only observed in the bridging region [124, 130]. In one

study the authors claim that the mechanism of bridging does not depend on

contact angle since bridging was observed for both water-in-ionic liquid and oil-

in-ionic liquid emulsions. The bridging behaviour was additionally only observed

when the droplets were forced into contact otherwise individual sparsely covered

droplets were observed [130]. This behaviour was attributed to particles being

trapped between colliding droplets. However, the highly charged nature of ionic

liquids probably also contributes.

Much of the research regarding bridging of emulsions has focused on spherical

particles as stabilisers [16]. These have included soft microgel particles that
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can change their shape at the interface in order to cover it effectively. The

size of these particles can be controlled by external factors such as the pH or

temperature meaning they have the potential for controlled release applications

[61, 125, 131]. Recently, colloidal particles synthesised by lipid crystallisation

that have non-spherical shapes have been used to stabilise emulsions and one

particular particle was observed to form bridges between droplets. The rod-

shaped particles were not observed to create bridges although they did stabilise

the sunflower oil-in-water emulsions but the cubic plate-like particles did. This

result, however, is not hypothesised to be due to the shape of the particles but

rather the rod-shaped particles being more hydrophobic since they are all made

from different combinations of lipids [134]. The authors do not mention here any

conjectures about how the particle shape may affect the emulsion properties. This

information would have been particularly insightful since geometrically bridging

with cubic plate-like particles seems unlikely. In this chapter the bridging of

rod-shaped particles with two different aspect ratios is investigated.

Anisotropic particles, such as ellipsoids and rods, on interfaces have been observed

to orientate such that their long-axis are parallel to the interface and thus

the particles remove the largest area of the unfavourable interface [10, 26].

Anisotropic particles as stabilisers for emulsions are hypothesised to improve the

strength of the emulsions. The hypothesised improved strength of emulsions

stabilised by ellipsoids is due to the increased strength of a monolayer of

ellipsoids compared to spherical particles which has been tested via oscillatory

surface rheology [70]. Additionally, the elastic and viscous moduli for ellipsoidal

particle-stabilised interfaces have been found to increase with increasing particle

aspect ratio. In these experiments the ellipsoidal particles were found to

form aggregated networks at the interface and this could be influencing the

values of the moduli [66]. This study has also shown that the stability of the

anisotropic particle-stabilised emulsions has a strong dependence on the aspect

ratio of ellipsoids and spindles [66]. Indeed, it has been observed that, in the

absence of salt or surfactants, emulsions that cannot be stabilised by spherical

particles can be stabilised by anisotropic particles with large enough aspect ratios

[66, 69]. This behaviour is thought to be due to the formation of a particle

network at the interface due to strong capillary attractions between particles

the strength of which increases with aspect ratio [69]. The capillary attractions

between anisotropic particles occur because the interface is distorted around the

particles in order to maintain a constant contact angle. In order to minimise

these energetically unfavourable interfacial distortions, the particles aggregate
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[10, 74, 135]. Further information on the behaviour of anisotropic particles at

interfaces can be found in Section 2.3.2.

The key result from this chapter is that when using rod-shaped particles as

stabilisers bridged emulsions form. The rods were observed to align perpendicular

to the interface in the bridging region and thus rods with a longer aspect ratio

were found to form stronger bridges (see Section 4.3.4). Investigating the strength

of the bridges with the different aspect ratio particles fulfils the aim of this

thesis to investigate the mechanical properties of particle-stabilised emulsions

with a changing parameter. In addition, the longer aspect ratio rods also more

reliably formed bridged emulsions indicating that the anisotropy of the particles

is important in forming these droplet bridges. The behaviour of the anisotropic

particles at the interface and in particular that it is possible for them to rotate

once attached to the interface is also pertinent to the results of Chapter 6 where

the behaviour of similar rod-shaped particles stabilising bijels was investigated

under centrifugal compression [67].

4.2 Experimental

4.2.1 Materials

Iron (III) chloride (FeCl3, Sigma-Aldrich), hydrochloric acid (HCl, ∼37 wt%,

Analytical Reagent Grade, Fisher Scientific), polyvinylpyrrolidinone (PVP)

(Mw 40,000, K30, Sigma-Aldrich), fluorescein isothiocyanate (FITC) (isomer I,

Sigma-Aldrich), absolute ethanol (AnalaR NORMAPUR, VWR), 3-aminopropyl

triethoxysilane (APTES) (99%, Sigma-Aldrich), tetraethyl orthosilicate (TEOS)

(≥99.0%, GC, Sigma-Aldrich), ammonia solution (35 wt%, Certified AR for

analysis, Fisher Scientific), mineral oil (ρ = 0.84 g/mL, η ≤ 30 mPa s, light oil

(neat), BioReagent, Sigma-Aldrich), sodium hydroxide (pellets, Fisher Scientific),

fluroscein (BDH), sodium nitrate (crystalline, Fisher Scientific) and nile red (for

microscopy, Sigma-Aldrich) were used as received. A Fisons Fi-Stream 4 L still

was used to distill the water.
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4.2.2 Methods

Synthesising Anisotropic Particles

The rod-shaped particles used in this section were synthesised by the candidate

using the appropriate method as described in Section 3.1.

Spherical Particles

The spherical particles used in this section were synthesised by Andrew Schofield

using the Stöber method as described in Section 3.1. These particles were not

labelled with a fluorescent dye and a radius of 222 nm was measured by Andrew

Schofield using Dynamic Light Scattering.

Particle Characterisation

The particles were characterised by observation using a scanning electron

microscope (SEM) (JEOL JSM-6010PLUS/LV) and a transmission electron

microscope (TEM) (JEOL JEM-1400 Plus TE). The lengths and diameters of

distinguishable rods were measured by hand using FIJI software to find the aspect

ratio. This is given by AR = L/d where L is the length of the rod and d is the

diameter of the rod (see Figure 4.2).

L

d

FeOOH 
core

Silica 
shell

Figure 4.2 A diagram showing the dimensions and structure of a rod-shaped
particle.
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Making Emulsions

Plain silica coated akaganéite (iron oxide hydroxide) rod-shaped particles in

distilled water were used to stabilise emulsions of mineral oil-in-water. First the

rods were dispersed in more distilled water to get the correct particle content.

Next the correct quantity of mineral oil was added to obtain a liquid composition

of 20 vol% of mineral oil and 80 vol% water. These were then mixed on a

rotor-stator device (Kinematica polytron PT3100 with a PT-DA 12/2WEC-

B154 dispersing aid where the stator is 11.8 mm and the rotor is 9 mm) at

15000 rpm for 2 minutes. The emulsions were then imaged macroscopically

(FujiFilm FinePix S9600) and microscopically using either the Olympus (BX50)

or the Nikon (Eclipse E800) microscopes. The droplet sizes were determined

by hand from the microscope images using the FIJI software. The standard

error (Standard Deviation/
√
Number of Droplets Measured) was used to give

the error in the measured mean droplet size. Confocal microscopy of bridged

emulsions was carried out using a Zeiss LSM 700 confocal microscope as detailed

in Section 3.2.2. A pipette was used to transfer a small volume of bridged emulsion

into a small glass vial that had the base cut off and was glued to a glass cover

slide in order for confocal microscopy imaging to take place.

For the pH experiments, the pH was changed by the addition of either

hydrochloric acid or sodium hydroxide to the water phase. This was achieved

by making up bulk aqueous solutions of varying pH and using those to disperse

the rods. The pH of the bulk water phase before addition to the particles in

water was measured using a pH meter (Mettler Toledo SevenEasy). In some

experiments the shear rate is changed and the speed of the rotor-stator is then

specified in the text. A roller bank (Stuart Roller Mixer SRT9) was used to

determine the strength of already formed emulsions. The electrophoretic mobility

of the particles was measured using a Malvern Nano-Z ZEN2600 Zetasizer. Dilute

dispersions of particles in 0.2 mM sodium nitrate were placed in a Zetasizer cell

(DTS 1070) inside the Zetasizer set to 25◦C. The measurements were performed

three times and each measurement consisted of at least ten sample runs. The

electrophoretic mobilities of dilute dispersions of the long rods at a variety of pH

values were also measured.
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4.3 Results and Discussion

In this chapter the behaviour of emulsions stabilised by rod-shaped particles with

an akaganéite (iron oxide hydroxide) core and a silica shell was investigated. The

synthesised particles were first characterised in terms of their aspect ratio and

then the formation of bridged emulsions and conventional emulsions was explored

including the orientation of the particles at the interface. Next the strength

and stability of the rod-stabilised bridged emulsions was investigated. Finally,

the effect of the shear rate during formation and particle concentration on the

emulsion behaviour was determined.

4.3.1 Particle Characterisation

Images of the long and short rod-shaped particles used in this chapter taken using

the SEM and the TEM are shown in Figure 4.3. The length, width and aspect

ratio for both the long and short rod-shaped particles were measured from the

SEM and TEM images using FIJI software. The dimensions of the rods from

the SEM and TEM images are given in Table 4.1. The values obtained from the

SEM and TEM images differ although most values are within error of each other

and this is probably due to the difference in image collection. The rod-shaped

particles are not coated with gold or other electrically conducting material for

SEM imaging instead relying on the electrical conductance of the akaganéite

cores (see Section 3.3). The presence of the silica shell then means the images

are not as sharp as those taken using the TEM.

Table 4.1 A table showing the lengths, widths and aspect ratios of the short rod-
shaped particles and the long rod-shaped particles determined using
TEM and SEM.

TEM SEM

Short
Rods

Length 690 ± 160 nm 840 ± 150 nm

Width 280 ± 30 nm 250 ± 50 nm

Aspect Ratio 2.5 ± 0.4 3.5 ± 0.8

Long
Rods

Length 4.0 ± 1.3 µm 4.8 ± 1.0 µm

Width 340 ± 70 nm 320 ± 60 nm

Aspect Ratio 12 ± 3 15 ± 3
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Short Rods Long Rods

SEM

TEM

Figure 4.3 SEM and TEM images of both short and long rods.

There is a large range in length of rods for the long rods with some very long rods

and some very short rods present as can be seen in Figure 4.3 and is demonstrated

by the large distribution in the length values (see Table 4.1). The presence of

shorter rods could be due to either a polydispersity in the initial needle length

or needles breaking before the silica coating step. Both the SEM and TEM

images of the short rods additionally show X-shaped or star-shaped particles

(see Figure 4.3). These could either be due to multiple arms forming during the

needle synthesis or aggregated particles that are subsequently covered with a silica

coating. Indeed, such X-shaped or star-shaped structures of akaganéite needles,

where the needles are paired together, have been observed and were determined

to become more prominent with the incorporation of low levels of silicon [136].

Given that here the akaganéite needles are coated with silica, the presence of

silica could cause these structures to form before the needles can be individually

coated. These are difficult to separate out due to their similar size and weight

to the rod-shaped particles. Imperfections in the rods are also present for the

long rods although, rather than star-shaped particles, rods with branched ends
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Figure 4.4 An example bridged emulsion stabilised by long rods and a
corresponding microscope image. The scale bar in the microscope
image is 200 µm and the vial in the macroscopic image is 2 cm in
diameter.

are observed (see Figure 4.3).

4.3.2 The Formation of Bridged Emulsions

These rod-shaped particles were used to stabilise emulsions of mineral oil droplets

in water and were initially observed to form bridged emulsions where the droplets

are strongly aggregated into clusters by the sharing of particles between interfaces

(see Figure 4.4). A bridged emulsion can be identified macroscopically by a larger

volume of emulsion, a very rough interface between the creamed emulsion and

the excess liquid and holes in the emulsion layer [16]. The degree of bridging can

most easily be characterised by the overall volume of the emulsion because a more

bridged emulsion will incorporate more free space. This volume change occurs

because the droplets cannot easily reorganise to reduce the volume and this will

be used as a differentiating factor here. Microscopically a bridged emulsion can

be identified by droplets sticking together in non-spherical shapes, multiple layers

of droplets, gaps being preserved between clusters of droplets and large very dark

regions due to large numbers of droplets on top of each other.

A surprising difference between the sphere-stabilised bridged emulsions in [16] and

these rod-stabilised bridged emulsions is the presence of a large number of excess

particles in the bulk liquid (see Figures 4.4, 4.7 and 4.14). The presence of these

excess particles would indicate that the bridged emulsion is formed despite there
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Interface 
Top View

Interface 
Side View

Figure 4.5 A diagram showing the area of the interface removed by a rod-shaped
particle in parallel and perpendicular orientations.

being plenty of particles to cover the excess interface. This phenomenon could be

explained by rods aligning with their long-axes perpendicular to the interface and

thus easily attaching to a second bare interface before it can be covered with free

particles. This hypothesis aligns with the simulations of Günther et al. where

the rods initially attach to the interface with their long-axis perpendicular to the

interface and then rotate to align with their long-axis parallel to the interface

[67]. This orientation removes the greatest possible amount of unfavourable

interface and thus lowers the free energy of the system to reach the local minimum

[10, 26, 67, 68]. Here it is likely that during emulsion formation rod-shaped

particles are swept onto the newly created interface in a variety of orientations

and thus it is feasible that the rods can create bridges by aligning perpendicular

to the interface. An excess of particles has also been observed in [61] and the

presence of excess particles coincided with emulsions that displayed bridging. In

this study this behaviour was attributed to electrostatic repulsion between the

charged particles and the interface preventing all particles adsorbing [61]. As

noted in the introduction, bridged emulsions can be stable to coalescence even

when some of the interface remains bare [61, 64, 124, 130].

For these particular sphero-cylinders the difference in trapping energy for the

long-axis parallel to the interface and the long-axis perpendicular to the interface

has been calculated. Equation 2.14 gives the free energy of detachment of a

spherical particle from the interface. For a sphero-cylinder with its long axis

perpendicular to the interface and assuming that the spherical end caps are

entirely in one phase or the other, the same equation can be used but here a

is the radius of the cylindrical part of the sphero-cylinder rather than the radius

of the particle (see Figure 4.5). For a sphero-cylinder with its long axis parallel
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a b

Figure 4.6 Macroscopic images of an emulsion created by shearing at 15000 rpm
and stabilised by unlabelled spherical silica particles. a: the emulsion
directly after creation by shearing. b: the system the day after the
emulsion was made by shearing. The vials are 2 cm in diameter.

to the interface the equation can be modified to

∆Gd = bγ(1 + |cos(θ)|)2 (4.2)

where b = d(L− d) + π
4
d2 and d is the diameter of the rod and L is the length of

the rod. The free energy of detachment for a rod parallel to the interface is then
∆G‖
∆G⊥

= b
πa2

higher than the free energy of detachment for a rod perpendicular to

the interface. For the long rods the free energy of detachment from the interface

is 14.7 times higher in the parallel orientation and for the short rods the free

energy of detachment is 2.9 times higher in the parallel orientation.

In comparison, spherical silica particles of approximately the same diameter as the

rods with an uncoated surface did not form a stable emulsion after mixing on the

rotor-stator. Initially, an emulsion was formed but this emulsion had separated

out into a mineral oil layer and a water layer by the next day (see Figure 4.6). It

has been noted that anisotropic particles, such as rods or ellipsoids, can stabilise

emulsion droplets that spherical particles will only stabilise with the addition of

salt or surfactant. This behaviour is thought to be due to the shape induced

capillary interactions between particles allowing them to readily aggregate at

the interface and thus prevent coalescence [69]. This mechanism could be

pertinent to the stabilisation of the mineral oil-in-water emulsion however it

neither explains why rods induce a bridged emulsion nor is inconsistent with
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Figure 4.7 Macroscopic and microscopic images of emulsions created by
shearing at 15000 rpm and stabilised by long rods. From left to
right the pH increases from 2, 4, 6, 8, 10 to 12. The scale bars in
the microscope images are 200 µm and the vials in the macroscopic
image are 2 cm in diameter.

the bridging phenomenon. In addition, the distribution of surface groups and

thus the surface chemistry of particles can differ greatly between batches. The

surface chemistry in turn determines the contact angle of the particles at the

interface and whether or not an emulsion will be stabilised by them (see Section

2.3 and Equation 2.14).

This phenomenon of rods producing bridged emulsions was observed for both the

long and short rods. The first challenge was then to create an emulsion that did

not display bridging behaviour. A normal emulsion was achieved by changing the

pH of the water using hydrochloric acid and sodium hydroxide solutions. The

pH changes the surface properties of the silica because the hydroxyl groups are

dissociated at any pH above approximately 2 [137]. Therefore, the rod-shaped

particles are charged above this pH and the number of surface groups dissociated

increases with the increase in pH until they are fully dissociated. In addition,

at very high pH the presence of sodium ions could screen some of the charge

by acting as counter-ions. At very low pH the akaganéite cores can dissolve but

this occurs over much longer timescales or much higher acid concentrations than

those used in this experiment [32]. In addition, silica starts to dissolve in water

above pH 10 and this could affect the results [138]. It was observed that bridged

emulsions were formed at all pH values except pH 2 and pH 12 for both long and

short rods (see Figures 4.7 and 4.8). At low pH these emulsions also utilised all

77



Figure 4.8 Macroscopic and microscopic images of emulsions created by
shearing at 15000 rpm and stabilised by short rods. From left to
right the pH increases from 2, 4, 6, 8, 10 to 12. The scale bars in
the microscope images are 200 µm and the vials in the macroscopic
image are 2 cm in diameter.

the rods meaning that the bulk water was clear. This effect could indicate that the

aggregation of rod-shaped particles is necessary to form a conventional emulsion

since the removal of charge at the low pH and the screening of charge at the high

pH leads to conventional particle-stabilised emulsions. This behaviour could also

be due to a reduction in the electrostatic repulsion between free particles and

those already adsorbed to the interface and between the free particles and the

interface due to image-charge effects. Alternatively, at high pH the behaviour

could be instead due to the dissolution of some of the silica shell into the water

phase. This dissolution potentially modifies the surface chemistry or could cause

surface roughness and thus changes the wetting properties of the particles. Of

course both of these effects could come into play here.

Microscopically the emulsions that are not bridged are fairly uniform in size. They

also contain some non-spherical droplets reminiscent of the jamming of particles

during the droplet coalescence process (see Figures 4.7 and 4.8). However, the

non-spherical droplets can also be present in the bridged emulsions and display

bridging with other droplets. The bridged emulsions contain both large and small

droplets that are held together in clusters with multiple layers of droplets and

the gaps between droplet clusters maintained. At pH 12 for both long and short

rods the emulsion is made up of some very large droplets and lots of very small

droplets. The large droplets were not observed directly after emulsification (see
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Figures 4.7 and 4.8) but were discernible by eye the day after emulsification. This

observation would indicate that much of this emulsion is not fully stable and could

be due to the dissolution of the silica shell modifying the wetting properties over

time. Alternatively, it could simply be due to poor particle stabilisation leading

to coalescence of droplets over time. It is also possible that long-range capillary

interactions between rod-shaped particles on the interface could destabilise the

droplets by inducing aggregation of the particles in particular orientations. In

simulations the timescale of particle interaction at the interface was shown to be

significantly longer than that of the rotation of particles [67].

Similar behaviour has been observed for whey protein microgel particles. Un-

charged or weakly charged particles produced conventional droplet emulsions with

uniform droplet sizes and no excess particles in the subnatant water. Conversely,

strongly charged particles produced bridged emulsions with smaller droplets

and excess particles. The surprising feature of smaller droplets stabilised by

fewer particles producing a stable emulsion was attributed to bridging preventing

droplet coalescence [61]. This stability of barely covered emulsion droplets due to

droplet bridging has been observed in several studies [61, 64, 124, 130]. The

changes in the emulsions with the changes in charging of the particles was

attributed, in part, to the differences in aggregation. The aggregated uncharged

or weakly charged particles form a dense monolayer at the interface. Whereas

for strongly charged particles, fewer are adsorbed to the interface due to the

electrostatic repulsion of strongly charged particles from the interface by both

the particles already adsorbed to the interface and the image-charge effect [61].

Indeed, this behaviour has also been observed for hematite ellipsoids where

strongly charged ellipsoids were only observed to stabilise emulsions when the

emulsification process occurred at high speeds whereas weakly charged ellipsoids

stabilised emulsions more easily [139]. The limited adsorption of particles to the

interface means that when droplets collide bridging can easily occur because there

is bare interface available [61]. Strong repulsion between hydrophobic particles

at the interface due to charges at the particle oil interface has also been observed

to promote bridging behaviour [64]. In addition, strongly charged particles are

more hydrophilic meaning they have a stronger preference for the water phase

which is a requisite condition for bridging behaviour when water is the continuous

phase [16]. Given the excess rods in the subnatant water phase present at pH

values higher than 2, a similar explanation of emulsion behaviour can be used

here. This explanation covers more of the observed behaviour than the hypothesis

that the rods align with their long-axis perpendicular to the interface and thus
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Figure 4.9 A graph showing the changes in the electrophoretic mobility of the
long rods with the change in pH.

can easily attach to a second bare interface. The particle alignment hypothesis

does not explain why larger droplets use all the rods for stabilisation whereas

excess rods are present for smaller bridged droplets. Both explanations could,

however, be involved in the formation of rod-stabilised emulsions. Of course, it

is possible that the aggregated nature of the rods at low pH means more than

a monolayer is adsorbed at the interface. Despite this, the droplets would still

not be expected to be larger unless coalescence has occurred due to large clusters

covering less interface. Finally, it is worth considering that the wetting properties

of the particles will change at low pH when silanol groups are not dissociated.

For spherical particles it has been shown that particles that prefer the dispersed

phase do not form bridges [128]. However, it is likely that the silica particles

remain hydrophilic.

The electrophoretic mobility (µ) of the long rods and the short rods in a salt

solution at a neutral pH of 6.6 was determined to verify if the rods were charged.

The electrophoretic mobility is the measured velocity of the particles divided by

the applied electric field strength. It was found that the rods are fairly strongly

negatively charged because the electrophoretic mobilities were found to be µ =

–3.17 ± 0.24 10-8 m2V-1s-1 for the long rods and µ = –3.24 ± 0.25 10-8 m2V-1s-1 for

the short rods. The salt concentration used means that these values were taken

in the Smoluchowski limit (κa >> 1 where κ−1 is the Debye screening length

and a is the radius of the cylindrical section of the rod) and therefore the zeta
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potential (ζ) can be taken to be independent of shape. The zeta potential is the

electrical potential difference between the continuous medium and the electrical

double layer around a particle. The zeta potential can then be calculated from

the electrophoretic mobility using

µ =
εrε0ζ

η
(4.3)

where η is the viscosity of the medium, ε0 is the permittivity of the vacuum

and εr is the permittivity of the medium [140]. The zeta potentials were then

calculated to be ζ = –40.5 ± 3.1 mV for the long rods and ζ = –41.3 ± 3.1 mV

for the short rods. The zeta potential values for the long and short rods are very

similar indicating that the charge is independent of the aspect ratio of the rods

probably because the two lengths of rods have the same surface chemistry. It

is worth nothing that, with rod-shaped particles there could easily be different

contributions depending on the orientation of the rods with respect to the applied

electric field but this is not considered here [140]. Figure 4.9 shows the changes

in the electrophoretic mobility of the long rods with the pH. These experiments

were not undertaken in the Smoluchowski limit because no salt was added to

the solutions and therefore the zeta potentials were not calculated from the

measured electrophoretic mobilities. Figure 4.9 shows that the negative charge

increases in strength with the increase in pH and this can be attributed to the

increasing dissociation of the hydroxyl groups on the silcia surface. This result

in combination with the observations on the type of emulsion formed at different

pH values indicates that the bridging behaviour of the emulsions can be, in part,

attributed to the charged nature of the rods.

Despite the bridging behaviour being attributed to the particle charge, it is still

of great interest to find out the orientation of the rods at the interface and high

magnification microscopy was undertaken for this end. The orientation of the

rods was investigated using only the long rods because the short rods are too

small to be observed at the interface in any orientation. Figures 4.10a and 4.10b

show some long rods sticking out from the interface of the mineral oil droplets.

This result indicates that while not all rods are necessarily orientated this way

some certainly are and could feasibly be involved in bridging in this direction.

In order to observe the rods in the bridging region, confocal microscopy was

employed. Initially, new long rods were made up with a fluorescein silica layer

between the akaganéite core and the silica shell but unfortunately this changed
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Figure 4.10 a and b: Bright field microscopy images showing the long rods on
the interface of the droplets. c: Confocal microscopy image of long
rods in the bridging region between droplets where the red is nile
red that was dispersed in the mineral oil. d: Confocal microscopy
image of long rods in the bridging region between droplets where the
green image is fluorescein dispersed in the water and the red image
is the nile red that was dispersed in mineral oil.

the surface chemistry of the rods such that they did not form an emulsion. This

result probably occurred because the APTES used to attach the FITC to the

silica is used in excess and this leads to amino groups on the surface and thus

alters the surface chemistry. By creating a thin layer of FITC silica with a

thicker plain silica coating the effect should be lessened but clearly, due to the

very different behaviour, it was not enough. Instead, fluorescein was used to label

the water phase and nile red was used to label the mineral oil phase and three

different samples were made up in order to check that the dyes did not disrupt

the sample structure. These were an emulsion where there was only fluorescein

in the water phase, one where there was only nile red in the mineral oil phase

and one with both the dyes. A bridged emulsion was formed in all three cases.
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Surprisingly, it was found that the nile red associated with the rods, particularly

in the bridging region, allowing clear observation of the orientation of the rods at

the interface in the bridging region. It was observed that in the bridging region

the majority of the rods are orientated with the long axis perpendicular to the

interface (see Figures 4.10c and 4.10d). The alignment of the rods with their long

axis perpendicular to their interface would make bridging between droplets easier

since the droplets do not have to be as close together for the particles to bridge.

It would then be expected that the degree of bridging is related to the aspect

ratio. Although the rods reduce the free energy of the system the most when

aligning with the long axis parallel to the interface, they are unlikely to all be in

this orientation when swept onto the interface during emulsification. There is a

time required for the rods to rotate at the interface [67] and if the droplet meets

another droplet with some bare interface before rotating, bridging can occur more

easily.

Above it was observed that excess rods are present when the emulsion droplets are

smaller indicating that there may be bare interface present in the emulsion. The

confocal microscopy images of the droplets back this up because the particles

appear to be concentrated in the bridging region with few particles observed

elsewhere (see Figures 4.10c and 4.10d). Of course this could be a diffraction

effect. In contrast, the bright-field images show a more densely packed interface

although it is possible that it is still not fully covered (see Figures 4.10a and

4.10b). Another consideration for anisotropic particles is the capillary attractions

between particles on the interface because this would lead to particle aggregation

and potentially a particle network surrounding the droplet. This effect is most

prominent when the long axis of the particle is parallel to the interface which can

only occur after particle adsorption and rotation. An exception to this statement

is if the contact angle of the sphero-cylinder at the interface is 90◦ in which

case capillary interactions are only present when some particles are rotated and

some are not [10, 67]. Should droplets collide after this rotation time, bridging

then becomes less likely because of both the aggregation of particles and also the

increased area of the interface that has been stabilised. In addition, droplets need

to be in closer contact to form a bridge if the particles are orientated with the

long axis parallel to the interface. Nevertheless, the aggregation of particles in

the bridging region could improve the stability of the bridges.
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4.3.3 Emulsion Behaviour with Particle Content

The changes in emulsion behaviour with particle content were investigated using

the long rods and a shear rate of 5000 rpm. Figure 4.11a shows that with

decreasing particle content the degree of bridging appears to decrease and the

volume of emulsion also decreases. Despite this, the emulsions do appear to

remain bridged in the microscope images for even the lowest particle fractions. At

the lower particle fractions there are also larger droplets present. Excess rods in

the water phase become more prominent for emulsions made with higher particle

content. Without determining the number of rods in the subnatant compared to

the number originally put in, it cannot be stated as to whether with increasing

particle content the emulsion is stabilised by more rods or is stabilised by the

same number and the excess just increases.

In order to determine the degree of particle coverage for the bridged droplets, an

estimation of mean droplet size assuming a fairly monodisperse size range and

fully covered droplets for a given particle content was performed. Similar to the

calculation made by Daware and Basavaraj, the volume of the droplets is first

equated to the volume of the dispersed phase [96].

n

(
π
D3

6

)
= V (4.4)

where n is the number of droplets, D is the droplet diameter and V is the volume

of the dispersed phase. The surface coverage of rods assuming maximum packing

is then equated to the area of the interface the rods remove multiplied by the

number of rods in order to remove the unknown n.

nνπD2 = bNp (4.5)

where ν = [1− (1−π/4)/A]/[1− (1−
√

3/2)/A] is the maximum packing fraction

of sphero-cylinders on a flat interface (given in [122]), A = L/d is the aspect

ratio, Np is the number of particles and b = d(L − d) + π
4
d2 is the area of the

interface the rod removes where d is the diameter of the rod and L is the length

of the rod. Rearranging for n and substituting Equation 4.5 into Equation 4.4
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Figure 4.11 a: Macroscopic and microscopic images of emulsions created by
shearing at 5000 rpm and stabilised by long rods at different
concentrations taken the day after making. From left to right the
particle content increases from 0.1 mg, 0.5 mg, 1 mg, 2 mg, 8 mg
to 16 mg. The scale bars in the microscopic images are 200 µm
and the vials in the macroscopic images are 2 cm in diameter. b:
A graph of the measured and calculated mean droplet radius with
the particle content. c: A graph showing the standard deviation
values of the droplet distribution with the particle content.

gives Equation 4.6.

D =
6V ν

bNp

(4.6)

The number of particles can then be calculated from the mass of particles in the

system meaning that the droplet diameter can be estimated. The results of this

calculation are shown in Figure 4.11b in comparison with the measured mean

droplet radii. The droplet radii were measured in all of the microscopy images

taken (see Section 3.2.1) and the mean taken from all the measured droplet radii

for a given sample. The final emulsion droplet size for a solid-stabilised emulsion
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is determined by the shear rate used to emulsify, the volume fraction of dispersed

phase, the viscosity of the both phases and the volume fraction of particles in the

system. The shear rate determines the initial droplet size with larger droplets

created at lower shear rates. Provided the interface is not fully particle stabilised,

the process of limited coalescence then occurs with droplets coalescing until the

interface is fully particle stabilised (see Section 2.3.3). Increasing the number

of particles in the system then results in smaller emulsion droplets. In this

experiment, the volume fraction of liquids, the viscosity and the shear rate all

remain constant and the shear rate was high enough that limited coalescence could

occur. Therefore, it would be expected that with increasing particle content the

droplet size decreases.

Figure 4.11b shows that the mean measured droplet size is fairly independent of

the particle content although at lower particle concentrations there is a larger

range in droplet sizes observed and excess oil present. The large range in droplet

sizes can be observed in the increasing standard deviation values with decreasing

particle content (see Figure 4.11c). Given that there are a small number of

large droplets and lots of small droplets at low particle content, the calculated

mean value could remain similar to higher particle content values because of

the spread in droplet sizes. Despite this, the calculated droplet size remains

much higher than the measured mean droplet size at low particle content. The

calculated droplet size was also observed to increase with the decrease in particle

content as would be expected. In all cases, including at high particle content,

the calculated droplet size is larger than the measured mean droplet size. That

the expected fully coated droplet size is larger than the measured mean droplet

size in combination with the excess rods in the subnatant phase at high particle

content, which means that not all rods are present on the interface, indicates

that the droplets are not fully covered by particles. The bridging between droplets

evidenced in Figure 4.11a can then be accredited with the stability of the droplets

to coalescence. It is worth mentioning that at the smallest particle fraction the

calculated droplet diameter gives a droplet with a larger volume than that of the

dispersed phase indicating that a stable emulsion should not be formed. Despite

some oil separation, there is still a stable rod-stabilised emulsion present in this

case which corroborates the conclusion that bridging stabilises the emulsions to

coalescence without fully covering the droplet interface with particles.
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4.3.4 Bridged Emulsion Strength

The strength of the bridging for the emulsions stabilised by long and short

rods was determined by placing a bridged emulsion on a roller bank overnight.

For spherical particles this gentle shear was observed to break the bridges in

the emulsion giving a conventional particle-stabilised emulsion but over a much

longer period of time [16, 52]. This behaviour was attributed to a high torque

experienced by bridging particles as droplets attempt to rotate around each other

[52]. The bridged emulsion stabilised by short rods was mostly destroyed after

one night on the roller bank. A layer of mineral oil and a layer of water was

observed but some small clusters of droplets remained between the oil layer and

the water (see Figure 4.12). This result is in contrast to the behaviour of sphere-

stabilised bridged emulsions where upon gentle shear the emulsion deaggregated

but remained largely stable [16]. This observation adds weight to the argument

that the interface is not fully covered in particles because it is only in this case

that removing particle bridging would cause emulsion destruction. The bridged

emulsion stabilised by long rods, on the other hand, was not destroyed after one

night on the roller bank. In fact, even the bridging in this emulsion remained

intact (see Figure 4.12). This result indicates that bridged emulsions stabilised by

long rods are stronger and more robust than those stabilised by short rods. The

longer rods, orientated with the long axis perpendicular to the interface, could

penetrate further into the droplets making it more difficult to pull the droplets

apart using torque (see Figure 4.12). Another factor, which could change how

difficult it is to removing bridging, is that with short rods the liquid interfaces

need to be closer together meaning that the droplets have less freedom to move

and coalescence could become more likely.

In addition to the application of gentle shear by rolling, it was noted that both

the long and short rod-stabilised emulsions remained stable for several months.

Initially the volume of the emulsion appears to shrink slightly which could be

simply due to cluster rearrangement. After this the volume of the emulsion does

not change and neither does the jagged appearance of the creamed emulsion layer

indicating that the bridges remain intact. Therefore, the bridges must be stable

under gravity because under gentle shear the emulsion made by short rods was

destroyed by bridges breaking.
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Figure 4.12 Images of emulsions stabilised by long and short rods before and
after placing on the roller bank overnight and diagrams of the
emulsion droplets stabilised by long and short rods to show how
the aspect ratio could affect the stability of the bridged emulsion
under gentle shear. The vials are 2 cm in diameter

4.3.5 Emulsion Behaviour with Shear Rate

The aspect ratio of the rods is expected to determine the degree of bridging since

the rods were observed to be orientated with their long-axis perpendicular to the

interface in the bridging region. Despite this, there is currently little obvious

difference between the bridging of the emulsions stabilised by long and short

rods when shearing at 15000 rpm (compare Figures 4.7 and 4.8). In order to

determine differences between the emulsions stabilised by the rods of different

length, emulsions stabilised by long and short rods were formed at different

shear rates. Figure 4.13 shows the emulsions stabilised by the long rods after

emulsification at different shear rates. All emulsions show bridging behaviour and

the volume of the emulsions is similar for all the shear rates indicating a similar

degree of bridging. Similar to the particle content experiments, the droplet size

does not decrease with increasing shear rate but remains similar for all. This

result can be attributed to the droplets being only partially covered by particles
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Figure 4.13 Macroscopic and microscopic images of emulsions created by
shearing at different speeds and stabilised by long rods taken the day
after making. From left to right the shear rate increases from 5100
rpm, 7600 rpm, 10100 rpm, 12500 rpm, 15100 rpm, 17500 rpm to
20000 rpm. The scale bars in the microscopic images are 200 µm
and the vials in the macroscopic image are 2 cm in diameter.

with the bridge between droplets preventing coalescence.

Figure 4.14 shows the emulsions stabilised by the short rods after emulsification

at different shear rates. Here four different repeats were made of the same run of

shear rates but with very different results. There are changes in the emulsion in

both whether it bridges or not and also the degree of bridging and the number

of excess rods but there is no obvious trend with increasing shear rate or any

reproducibility of the results. Microscope images of the emulsions in the shear

rate tests shown in Figures 4.14b and 4.14c are shown in Figure 4.15. When an

emulsion is formed that does not display bridging the droplets are fairly uniform

in size. These emulsions also contain some non-equilibrium shapes due to the

arrested coalescence of the droplets similar to the pH 2 emulsions. The emulsions

with the largest volumes contain only small droplets that are fully bridged. They

often also have very few excess rods indicating more rods are used in emulsion

formation. Those in between contain mixtures of the small droplets observed in

the fully bridged samples and the larger droplets observed in the emulsions that

are not bridged. This observation indicates the processes of droplet coalescence

and droplet bridging compete with each other and in this particular case the

resulting emulsion type is particularly sensitive to an external factor.

Evidently, the short rod-stabilised emulsions are poised between the droplet
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Figure 4.14 Images of emulsions created by shearing at different speeds and
stabilised by short rods taken directly after making. Four tests were
made here and the results do not appear to be reproducible. From
left to right the shear rate increases from 5000 rpm, 7500 rpm,
10000 rpm, 12500 rpm, 15000 rpm, 17500 rpm to 20000 rpm. The
vials are 2 cm in diameter.

coalescence and the droplet bridging regime. In an attempt to establish the

external factor determining the resulting emulsion type a variety of experiments
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Figure 4.15 Microscopic images of emulsions created by shearing at different
speeds and stabilised by short rods for the tests b and c in Figure
4.14. From left to right the shear rate increases from 5000 rpm,
7500 rpm, 10000 rpm, 12500 rpm, 15000 rpm, 17500 rpm to 20000
rpm. The scale bars are 200 µm.

were performed. These included changing the position of the dispersing aid in

the vial and the deliberate addition of contamination from the cleaning solvent.

Unfortunately in all cases of changing these parameters a similarly bridged

emulsion was formed indicating that these are not the cause for the different

emulsion types. Further experiments will need to be performed in order to

ascertain the determining external parameter and thus improve control over

the type of emulsion formed. There are a couple of possible reasons for this

competing behaviour which can be speculated about. First it could be controlled

by the charge strength of the particles which could be slightly different between

aliquots of rods. Second, it could be statistical with the orientation of the rods

on the interface. The competition between bridges forming, bridges breaking and

coalescence could occur because there exists a high shear region within the rotor-

stator and a low shear region outside the rotor-stator. In the high shear region

bridges can be formed and broken whereas in the low shear region the bridges can

be broken and the subsequent coalescence of droplets could occur more easily. The

orientation of the rods on the interface can then shift the balance either towards

coalescence or bridge formation when the droplets collide. With the shorter rods

it then becomes more likely that the bridges are broken again in the low shear

region and thus the droplets are more likely to favour coalescence over bridging.

Finally, it is possible that whether coalescence or bridging is more likely could

be determined by the fraction of X-shaped or star-shaped particles present in

each sample (see Figure 4.3). This could be due to the X-shaped or star-shaped

particles behaving more like discs and rotating quickly at the interface meaning

that bridging becomes less likely with larger fractions of these particles. However,

a similar result with a mixture of large and small droplets was observed for the

emulsions stabilised by long rods at different pH values and also for the repeat of
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the shear experiment not shown here (see Figure 4.7). Despite this, no unbridged

emulsions were observed for the long rods (except for pH 2 and pH 12). This

observation would indicate that the winner of this competition is not determined

by the polydispersity in the shape of the particles since there are no X-shaped

or star-shaped particles present for the long rods (see Figure 4.3). Taking into

account the results of the application of gentle shear to the emulsions where the

emulsion stabilised by short rods was destroyed but the emulsion stabilised by

long rods remained intact, it could be hypothesised that the balance between

droplet break up and droplet coalescence is related to the aspect ratio.

4.4 Conclusions

The bridging behaviour of rod-stabilised emulsions, which was present regardless

of particle aspect ratio, shear rate or particle content, is attributed to the

particles being strongly charged. The charge on the particle was determined

to be strongly negative and to increase in strength as the pH was increased by

measuring the electrophoretic mobilities. Therefore the particle charge can be

attributed to the dissociation of the silanol groups on the silica surface of the

particles which occurs above pH 2. The particle charge causes an electrostatic

repulsion between particles and could make it difficult for additional particles

to adsorb onto an interface that already contains some charged particles. There

is also an electrostatic repulsion between charged particles and a bare oil-water

interface due to image charge repulsion. This repulsion would limit the number of

particles that adsorb to the interface during emulsion formation. These sparsely

covered droplets can then form bridges with other droplets since the particles are

hydrophilic and therefore capable of preventing the thin water film between oil

droplets from draining. The interfacially trapped rods on a droplet interface will

preferentially move to the contact region with a second uncovered droplet because

it does not contain any repulsive rods. The likelihood of this movement is further

increased by the presence of excess dispersed rods in the continuous phase. This

provides an explanation of why coalescence does not occur for bridged emulsions

stabilised by rod-shaped particles. Additionally, once a few particles have formed

a bridge between two neighbouring droplets more may move to the bridging region

possibly due to capillary interactions between particles from deformations of the

interface in the bridging region. These interactions create a densely packed disk

of particles which then prevents thin film drainage and prevents the coalescence
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of droplets [64].

That it is possible to remove the bridging behaviour and create a conventional

emulsion at pH 2 can be attributed to the decrease in the surface charge on the

particle as the silanol groups are no longer dissociated. Therefore, at pH 2 the

electrostatic repulsion preventing the adsorption of particles onto the oil-water

interface is reduced meaning that all the particles can adsorb during the formation

and limited coalescence of the droplets which continues until the interfaces are

fully coated with particles. The change in charge could in turn affect the contact

angle at the interface because strongly charged particles are more hydrophilic

which also determines whether or not an emulsion will form particle bridges [64].

It was also noted that at pH 12 a conventional emulsion is also formed. There

are several possible explanations but a similar argument is preferred where the

dissociated sodium ions screen the charge and reduce electrostatic repulsions.

The excess rods observed in the subnatant can also be attributed to the charge

on the particles. Electrostatic repulsion between free particles and particles

already adsorbed to the interface and image charge repulsion from the interface

means that fewer particles are adsorbed onto the interface. Emulsions have

been observed to be stabilised without particles covering the entire interface

[141] and in this instance the bridging between droplets prevents coalescence

[61, 64, 124, 130]. Further evidence for only partial adsorption of rods to the

interface is in the confocal microscopy images which show the majority of rods

in the bridging region, the lack of excess rods and the larger droplets for pH 2

conventional emulsions and the emulsion stabilised by short rods being destroyed

rather than just deaggreated under gentle shear.

The behaviour of the emulsions when formed under different shear rates can

also be attributed to the charge of the particles. For long rods the volume of

the emulsion and droplet size remains the same regardless of shear rate. This

shear rate independence occurs because, despite the increase in interface formed

at higher shear, the adsorption rate of particles remains the same due to the

electrostatic repulsions. Therefore some coalescence can occur for emulsions made

at higher shear rates before the droplets are fully stabilised by bridging. In

addition, the calculated mean droplet size for a given particle content is larger

than the measured mean droplet size for a bridged emulsion. This observation

indicates that the emulsions are not fully coated with particles but remain stable

to coalescence by the bridging between droplets. For the short rods the results

with shear rate were inconsistent with no obvious trends with increasing shear
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rate (except perhaps a decrease in excess particles) and three possible resulting

emulsions. The first is a conventional emulsion with large uniform droplets which

appeared at a variety of different shear rates. The second is a highly bridged

emulsion with a larger volume and lots of very small emulsion droplets which also

appeared at different shear rates but only those above 15000 rpm. This result was

the least common. The final result is a bridged emulsion containing a mixture of

small droplets and large droplets. That it was possible to create different types

of emulsion at the same shear rates indicates that there is a competition between

the coalescence of droplets and the bridging behaviour with an external factor or

random fluctuation determining the winner. This behaviour could be linked to

the aspect ratio of the rods since this behaviour appears less likely with longer

rods and additionally the emulsions stabilised by short rods were observed to

be destroyed under gentle shear on the roller bank. This result could indicate

that for the short rods the bridges can also be easily broken in the emulsification

process leading to both bridged droplets and larger fully particle-coated droplets.

Unfortunately whether an external factor or random fluctuation leads to this

behaviour has not been exclusively determined in this study and this could be

the purpose of future experiments.

For these rod-shaped particles there is an additional factor to the formation of

emulsions brought about by the shape anisotropy. It has been proposed that the

rods attach to the interface in a variety of orientations and rotate to the preferred

position with the long axis parallel to the interface, which is the configuration

that reduces the free energy of the system the most. The orientation of the rods

could then, in theory, impact the bridging behaviour. Microscope images confirm

that not all the rods are orientated with their long-axis parallel to the interface.

This observation indicates that the rods are swept onto the interface in a variety

of orientations and once adsorbed rotate to the preferred position as described

in [67]. Confocal microscopy images show that the rods in the bridging regions

between droplets are generally orientated with their long-axis perpendicular to the

interface. Given this, it would be expected that the degree of bridging is related to

the aspect ratio of the rods stabilising the bridges but this does not appear to be

the case. The robustness and reproducibility of bridging behaviour does appear

to be related to the aspect ratio with the longer rods more reliably producing

bridged emulsions. In order to verify this, a suitable method for measuring the

degree of bridging should be employed and this could be the basis of further

experiments (see Section 4.5).
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The strength of the bridged emulsions was tested in line with the aims of this

thesis. The strength was investigated by placing the emulsions under gentle

shear on a roller bank because this experiment has been observed to break

sphere-stabilised bridging while maintaining emulsion stabilisation over a period

of several days [16]. In this chapter the short rod-stabilised emulsion was mostly

destroyed after only one night with only a few droplet clusters remaining. This

result again provides evidence that the droplets are not fully coated with particles

and the bridging between droplets prevents coalescence. This result could also

explain the variety of emulsion types formed for short rods as a balance between

bridge formation, bridge breaking and coalescence which can all occur during

emulsification. The bridging in the long rod-stabilised emulsion remained intact

and this indicates that the bridging is much stronger in this case. In addition, it

was observed that only bridged emulsions are formed when using long rods except

at low pH when the particle charge is significantly reduced. Combined with the

stability of the emulsions, this observation suggests that emulsions stabilised by

long rods are suitable for use in consumer products.

4.5 Outlook

Several simple experiments and some more involved ones can be suggested on the

basis of this work. Firstly, shear rate and particle content experiments could be

performed with emulsions where the water phase is at pH 2. These experiments

would then give a direct comparison of a conventional emulsion stabilised by rod-

shaped particles to the bridged case. It would be interesting to investigate the

inconsistent bridging behaviour with the short rods as stabilisers and this could

be done by changing the time of emulsification. Next, it would be very useful

to make bridged and conventional emulsions stabilised by fluorescent particles in

order to use confocal microscopy to study the location and behaviour of the rod-

shaped particles on the interface. An investigation into how to achieve this could

be completed. Although not mentioned in detail here a variety of approaches

including, modifying the pH of the solutions, adding salt to the solutions and

changing the oil used have been already tried with no success. This failure

could have been due to the particular batch of rods made so a first step could

include these experiments with new batches of rods. A second step could include

using surfactants as a surface chemistry modifiers for the particles although this

would also affect the interface stabilisation. A better but more involved step
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would involve the modification of the silica surface chemistry in a controllable

and reproducible way for example by using hexamethyl disilazane modification.

Another step would be to find a good and reliable method to quantify the degree

of bridging within the emulsion for various parameters such as shear rate, pH, salt

concentration and aspect ratio of the particles. These experiments would then

give quantitative insights into how and what affects the bridging behaviour of the

emulsions and could lead to a conclusive argument for why rod-shaped particles

preferentially form bridged emulsions over conventional ones. Experiments on

changing salt concentration could be used to verify the current hypothesis that the

bridging behaviour is linked to the charge of the particles regardless of whether

a good parameter for the degree of bridging is found. Droplet sizing using a

Beckman Coulter particle sizer has been used before [16] although it was not

found to work with these particular emulsions due to the large density difference

and strong clustering preventing statistically relevant data from being recorded.

In addition, an increase in the elastic modulus with the degree of bridging has

been observed in amplitude sweeps with oscillatory rheology for a low molecular

weight liquid bridged emulsion [127]. Rheology has also been used to examine

the properties of bridged droplets in immiscible polymer blends [126, 132, 133].

Rheology could be used to characterise the changes in the degree of bridging

with various parameters and additionally to properly test the strength of bridged

emulsions. Within experimental error these experiments may not be able to

distinguish between small changes in degree of bridging. In addition, experiments

to determine how widespread bridging behaviour is with these particles should

be performed. These experiments could include, changing the oil, using a larger

range of aspect ratio rods, changing the dispersion method and dispersing aid

on the rotor-stator, using different volume fractions of oil including much higher

ones and using different anisotropic particles to stabilise the emulsions.

Finally, these particular rods can be converted to magnetic rods [122] that could

be used to create smart responsive materials which are becoming highly attractive

for use in a variety of applications. It could be of great interest to use magnetic

rod-shaped particles to stabilise emulsions, particularly if they display bridging.

The application of a magnetic field could then alter the rod orientation during

emulsion formation and potentially could be used to form magnetic emulsions

that can be directed to particular locations. It may be possible to create linear

strings of droplets this way. Finally it would be interesting to see if the application

of a magnetic field could break the bridges between droplets and thus destabilise
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the emulsion.
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Chapter 5

The Centrifugal Compression of

Bijels

5.1 Introduction

Bijels or bicontinuous interfacially jammed emulsion gels are particle-stabilised

emulsions where both phases are continuous and interpenetrating. The bijel has

been introduced and interesting developments have been discussed in Section 2.4.

This type of structure has the potential to be used in many types of applications

because it has a large interfacial area in a small volume and two continuous phases

through which liquids could flow [30]. As an example, polymerising one of the

bijel phases has led to the construction of electrodes that optimise both the active

surface area and mass transport through the system [83, 142].

Before applications for the bijel itself can be realised, the mechanical properties

must first be investigated in order to determine whether the structure can

withstand product processing and product use. Until this point only limited

research has been conducted in this area with most experiments focusing on

local perturbations [17, 25]. The initial experiments have hypothesised that the

water–2,6-lutidine bijel possesses a yield stress because, for example, a small

wire falling in a bijel sample showed only intermittent movement [25]. This

intermittent movement was hypothesised to be due to the local rearrangement

of particles on the interface caused by the stress of supporting the weight of the

wire [25]. Further qualitative research has investigated the response of ethanediol–
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Figure 5.1 A diagram showing how a domains of the bijel were observed to be
orientated after shearing [17].

nitromethane bijels to compressional stress and shear stress. These bijels were

imaged before, during and after the experiments and thus, it was observed that

the bijel can change the connectivity of the particle network in response to shear

with the domains orientated in the direction of the shear (see Figure 5.1). It

was also found that the bijel displays elastic behaviour because after the removal

of the local compressional stress the bijel was observed to resume its original

state [17]. The observations of Herzig et al. and Tavacoli et al. indicate that

the particles can locally rearrange at the interface [17]. The implication is that

the jammed structure becomes unjammed during the perturbation allowing the

particle-stabilised interface to move in response to the shear. Once the shear is

removed the interface shrinks in size until the particles jam preventing further

relaxation and creating a particle-stabilised structure with a new shape [17, 25].

The yield stress present in the bijel can then be attributed to the particle network

having to become unjammed before a bijel can begin to flow or respond to a force

[17, 25].

Although these experiments allow for some insight into the response of bijels to

stress, neither the stress applied nor the response of the bijel were measured.

Quantitative experiments using an oscillatory shear rheometer have shown that

for both bijel types the elastic behaviour became more prominent than the viscous

behaviour on formation validating its description as a gel [30]. Additionally,

amplitude sweeps for the ethanediol–nitromethane bijels have been performed

and gel-like rheology was observed with the elastic modulus significantly higher

than the viscous modulus in the linear viscoelastic regime and a yield stress

where the moduli cross over was also observed [86]. Unfortunately no imaging

was performed on the samples made on the rheometer in these experiments and

therefore it cannot be conclusively confirmed that bijels were produced. The

quenching rate was also limited by the rheometer and this has been shown to
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influence the morphology of the final structure with slower rates leading to worse

structures [30, 86, 93]. More recently, a bijel made from two non-polar very

short chain polymers has been developed and some of the mechanical properties

characterised [143]. The authors found that the final elastic modulus (G′)

produced after annealing was dependent on the particle content and domain size

of the bicontinuous structure with higher moduli produced with higher particle

content and smaller domain sizes. It was also observed that the elastic modulus

for the bijel structure slowly increased with time and this was attributed to

particles continuing to rearrange at the interface and produce a denser packing

[143].

The rheological properties of bicontinuous structures of immiscible polymer

blends stabilised by particles have also been investigated. Possibly the most

relevant study to this work is the squeeze flow experiments of a bicontinuous

polymer formed by the phase separation of a di-block co-polymer. It was observed

that the structure became anisotropic with domains aligned in the direction of the

flow and perpendicular to the compressional force [144]. Another bicontinuous

polymer blend stabilised by a di-block co-polymer was investigated under shear

flow. It was observed that on the onset of non-Newtonian behaviour shear

thickening occurred and simultaneously the structure became anisotropic [145].

It is likely that the internal structure of the bijel will be similarly deformed

in rheological experiments particularly because restructuring of the interface in

response to shear has already been observed for the bijel [17]. In addition,

polymer mixtures phase separating via nucleation or spinodal decomposition were

investigated using rheology and it was found that the peak in the elastic modulus

(G′) on development of the structure was much higher for phase separation via

spinodal decomposition. This result was attributed to the highly connected

bicontinuous structure formed [146].

Recently, the rheological properties of bijels made by the STRIPS method have

been determined [147]. These experiments were performed by calculating the

tensile strength when the formed bijel fibre breaks as it travels through a

constricting microfluidic channel. The authors found that this tensile strength

increases as the weight fraction of silica nanoparticles used increases but has

only limited dependence on the CTAB surfactant concentration. The authors

attribute this particle dependence to the coagulation of silica particles as the

weight fraction is increased although it is possible that the increase in solid content

may also contribute. The lack of dependence on CTAB concentration surprised
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the authors because the CTAB concentration can change the morphology of the

structure and also the pore size [28, 147]. This result indicates that the structural

integrity of these bijel fibres is not linked to pore size although it could be argued

that this method tests the integrity of the macroscopic fibre rather than that of

the bicontinuous microstructure inside it. In which case it is unsurprising that

the tensile strength depends only on the solid content.

Despite some experiments with bijels being performed on a rheometer, it remains

difficult to confirm that a bijel has indeed been made and that the quench rate is

sufficiently fast [30, 86]. Therefore an alternative method that had controllable

and measurable stress or shear was required. In light of this, the method of

centrifugal compression was employed to test the mechanical properties of the

bijel. In this method the samples can be contained in glass cuvettes, a much

faster quench rate can be achieved and the applied stress can be measured

and controlled. Additionally, when using centrifugal compression, confocal

microscopy images of the bijel can be taken before and after the compression

experiment in order to investigate both macroscopic and microscopic changes.

Knowledge of how the macroscopic properties depend on the bijel structure

could be used to optimise the structure for the desired application. In this

experiment, the bijel structure experiences pure compression due to a wetting

layer of one of the liquids at the glass wall of the vial preventing wall effects. The

compression force in these experiments can be calculated from Equation 2.17

which is reproduced here for readability:

F = mω2r, (5.1)

where F is the compression force, m is the mass of material above the

measurement point in the sample, ω is the angular velocity and r is the radius

from the axis of rotation.

The method of centrifugal compression has previously been used to determine

some mechanical properties for suspensions of polymer particles and for emulsion

systems [15, 116]. For example, it was determined that a maximum strain exists

in the centrifugal compression of particle suspensions when using incompressible

particles [116]. In a second example, the droplets of an emulsion sample under

centrifugal compression were observed to become more deformed towards the

bottom of the sample [15]. The compression behaviour of these two systems

is summarised in Section 2.5.2 but it is worth noting here that these systems
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contained one continuous and one dispersed phase whereas the bijel contains two

continuous phases. This difference could have important ramifications in the

centrifugal compression of the bijel. In particular, Maurice et al. noted that their

compressed structures could recover by the height of the compressed structure

increasing again. This behaviour was attributed to the continuous liquid phase

returning to the emulsion [15]. A similar sort of recovery then becomes unlikely

for the bijel because after centrifugal compression a fraction of both liquids will

be resolved at the top of the sample due to the increased hydrostatic gradient

present during centrifugation. These two resolved liquids will be in two layers,

one on top of the other, due to the slight density difference meaning that one of

the liquids cannot easily return to the compressed bijel channels.

Centrifugal compression, an enhancement of gravitational acceleration, can

also be compared to experiments involving the collapse of colloidal gels [148–

150]. Colloidal gels are space-spanning networks that are composed of particles

dispersed in a solvent and these can collapse after a fixed time under gravity in

a process called delayed sedimentation [149, 151]. The space-spanning particle

network in colloidal gels could be comparable to the percolating particle-stabilised

interface in the bijel. The initial rate of gravitational collapse in a colloidal gel was

observed to be controlled by the movement of the solvent out of the structure

[152]. The movement of liquid out of the structure could be pertinent to the

bijel because this contains two liquids both of which need to be expelled from

the structure in order for compression to occur. In addition, a relation between

the size of pores in the network and the permeability has been established for

colloidal gels made of particles and vesicles [150, 152]. The theory of sedimenting

colloidal gels was developed by Buscall and White who considered the balance of

three forces involved in the collapse. These were the gravitational force driving

the collapse, the flow of liquid which has an associated viscous drag force and the

particle-particle interactions that create their own network stress. They found

that there exists a fraction of gel at the base where the particles are sedimenting,

a fraction above this where the gel remains intact but falls due to the sedimenting

region underneath and, at the top, the resolved solvent [148]. Yet again there may

well be differences between these systems and the bijel due to the two continuous

liquid phases present and the trapping of the particles at the liquid-liquid interface

in the bijel.

One possible outcome of the centrifugal compression experiments is that the

particles will be ripped off the interface. Indeed, for large droplets stabilised by
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particles of radius 3 µm or 10 µm, particles were observed to be ejected from the

interface under gravity for large enough droplets. This behaviour is particularly

surprising because the free energy of detachment from the interface remains high

at approximately 108kBT (see also Equation 2.14). The ejection of particles was

ascribed to the collective weight of a group of particles acting on a keystone

particle at the base of the droplet and therefore overcoming this trapping energy.

Hence this particle ejection occurs for larger droplets because they have more

particles on the interface and this increases the force on the keystone particle

[53]. In addition, nanoparticles have been observed to be ejected from an oil-water

interface upon the compression of the interface although with smaller particles

the free energy of detachment of particles from the interface is significantly

reduced. For example, 3 nm radius particles from an oil-water interface have

a free energy of detachment of approximately 102kBT (see Equation 2.14). This

behaviour was attributed to grafted ligands preventing close packing and particle

aggregation at the interface and therefore promoting particle desorption over

film buckling [54]. Micron-sized particles were found to be ejected from air-

water bubble interfaces when subjecting the bubble to ultrasonic oscillations. The

bubbles remained spherical with small amplitude oscillations and the desorption

of particles here was attributed to the ultrasonic oscillations breaking up the

ordering in the particle monolayer. The disordered particle monolayer enables

compression of the interfacial area to force the particles off the interface [55].

Although in centrifugal compression oscillations are not present, if the interfacial

area is reduced significantly upon compression of the bijel and the force acting

on the particles is sufficiently high, centrifugal compression may also lead to

particle desorption particularly if the unjamming mechanism mentioned above

occurs. Higher amplitude ultrasonic oscillations of the particle-stabilised bubble

led to systematic deformations in the bubble shape and then the particles were

ejected at the location where the interface moved the most, the antinodes. This

result was attributed to the rapid accelerations that increase the body force on

the particles [55]. Upon further investigation it was found that in addition to

the increased acceleration at the antinodes the particles also migrated towards

them increasing the surface pressure and therefore increasing the likelihood of

particle ejection [56]. Additionally, it was noted that the expulsion of particles

from a particle-stabilised interface occurs preferentially in areas of high curvature

[53, 55, 56]. This observation may be pertinent to the bijel structure because

local interface curvatures can be high [93].

In this chapter, experiments subjecting the ethanediol–nitromethane bijel to
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centrifugal compression are presented. For the ethanediol–nitromethane bijel

the upper critical solution temperature (UCST) is 40◦C at a weight fraction of

36% ethanediol and 64% nitromethane and therefore the bijel is stable at room

temperature [32]. Another pair of partially miscible liquids that can be used

to make bijels is water and 2,6-lutidine. These liquids are miscible at room

temperature and immiscible at higher temperatures meaning that the resulting

bijel is only stable above 35◦C. Due to this and the highly symmetric phase

diagram of the ethanediol–nitromethane partially miscible liquid system, which

means that the resultant phases have equal volumes, the ethanediol–nitromethane

bijel was used as opposed to the water–2,6-lutidine bijel (see Section 2.4) [30].

It was still necessary to use the water–2,6-lutidine bijel because for this liquid

pair the bicontinuous network of particles has been shown to remain intact

when the liquids are remixed. This fully stable particle network has been called

a monogel and the centrifugal compression of the monogel has been briefly

investigated in this chapter (see Figure 5.2). This phenomenon can be ascribed to

the bonding of the particles in their primary DLVO (Derjaguin-Landau-Verwey-

Overbeek) minimum which occurs since the weak repulsion barrier is overcome

by a combination of the attractive capillary forces and interfacial jamming (see

Sections 2.1 and 2.3.1) [30, 153]. Rheological measurements taken while the

liquids were remixed have established that the ethanediol–nitromethane bijels do

not form monogels [30]. That the particles in a monogel forming bijel are more

strongly held together could influence the mechanical properties of the different

bijels. Rheology experiments have been performed on a non-polar bijel fabricated

from two very short chain polymers which also formed a monogel on remixing

the phases. This structure displayed gel-like behaviour during an oscillatory shear

experiment with increasing amplitude. However, on running the oscillatory shear

experiment a second time on the same sample it was observed that the structure

was completely destroyed by the first experiment and this was attributed to the

destruction of the particle network [143]. It could be that the presence of a liquid-

liquid interface prevents structure destruction in these types of experiments but

comparison experiments were not presented by the authors.

The experiments that were performed and will be discussed in this chapter are

described below. The stability of the bijels made for these experiments will be

discussed first which was tested by measuring the height of the samples over time

under gravity. The macroscopic changes in height for different samples under

centrifugal compression are then compared and the compression behaviour is
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Figure 5.2 A diagram showing how a bijel becomes a monogel.

related to the initial permeability of the samples. The permeability of a material

determines the ease with which liquids can more through the material. Next

confocal microscopy images, used to determine the changes in the structure

of the bijel under compression, are considered. These structural changes were

quantified using the fast Fourier transforms of the images which enabled graphs

of stress versus internal strain to be produced and these are analysed next. The

compression of monogel samples is then briefly compared to the compression of

bijel samples. Finally the presence of air bubbles in the samples and the effect

they have on the compression behaviour is discussed.

The key result from this chapter is that the bijel is relatively easily deformed under

centrifugal compression into an anisotropic structure although the new anisotropic

structure may be a useful one for other applications. The process of unjamming

and re-jamming of the particles at the interface appears to cause the deformation

(see Section 5.3.2). The results from this chapter fulfil the aims of this thesis

to investigate the mechanical properties of the particle-stabilised emulsions and

to determine the feasibility of using interesting emulsions such as the bijel in

applications. The resulting mechanical properties determined from the centrifugal

compression of sphere-stabilised bijels in this chapter can be directly compared

to the mechanical properties determined from the centrifugal compression of rod-

stabilised bijels in Chapter 6. It is also possible to compare some aspects of the

mechanical properties of the bijel made by quenching as in this chapter to the

bijel made by mixing in Chapter 7. A complete comparison is unfortunately not

possible because the methods used differ and it was not possible to either measure

the mechanical properties of the bijel made by quenching on a rheometer (see

above) or use centrifugal compression to investigate the mechanical properties of
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the bijel made by mixing (see Section 7.1). In addition, a similar phenomenon to

the unjamming of particles and subsequent deformation of the interface due to

density differences in centrifugal compression occurs in the sprouting of particle-

stabilised macroscopic droplets due to density differences in a gravitational field

(see Chapter 8).

5.2 Experimental

5.2.1 Materials

Ethanediol (anhydrous, 99.8%, Sigma-Aldrich), hexamethyl disilazane (HMDS)

(reagent grade, ≥99%, stored in a desiccator, Sigma-Aldrich), nitromethane

(≥99%, for analysis, Acros Organics, stored under nitrogen gas), ammonia

solution (35 wt%, Certified AR for analysis, Fisher Scientific), fluorescein

(BDH), rhodamine B isothiocyanate (RITC) (Fluka), absolute ethanol (AnalaR

NORMAPUR, VWR) and 2,6-lutidine (≥99%, Sigma-Aldrich) were used as

received. A Fisons Fi-Stream 4 L still was used to distil the water. For the water–

2,6-lutidine bijel the distilled water was deionised using a Milli-Q Millipore system

to a resistivity of at least 12 MΩcm by Matthew Reeves. The silica particles

were made via the Stöber method by Andrew Schofield (see Section 3.1.1 for

details) and labelled with RITC. The particle radius of the first particle batch

was determined by TEM to be 0.31 ± 0.05 µm. The particle radius of the second

particle batch was determined by SEM images taken by Andrew Schofield to be

0.29 ± 0.02 µm. The majority of samples were stabilised by the particles from

batch 2. The FITC-labelled silica particles used in the monogel samples were

made by Stöber method by Matthew Reeves and were found to be 63 ± 9 nm

in radius by TEM also by Matthew Reeves [92]. The particle characterisation

techniques are detailed in Section 3.3.

5.2.2 Methods

Making Ethanediol–Nitromethane Bijels

In order to obtain neutral wetting, the surface of the rhodamine B doped silica

particles was modified with hexamethyl disilazane (HMDS). A detailed method
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for particle surface modification and subsequent drying is given in Section 3.1.3.

Bijels were formed by first measuring out the mass of the dried HMDS-modified

rhodamine B doped particles required to make the desired volume fraction in 1

mL of bijel premix. For example, for 5 vol% of particles in 1 mL of bijel premix,

0.09 g of silica particles is required. This was followed by nitromethane at 64

wt% and then the fluorescein-doped ethanediol at 36 wt% to get the critical

composition. Using the same example of 5 vol% of particles in 1 mL of bijel

premix, 0.6822 g of nitromethane and 0.3836 g of ethanediol would be required.

In order to ensure that the critical composition is maintained the correct mass of

ethanediol required was calculated from the mass of nitromethane actually added.

This mixture was then placed in a hot ultrasonic bath (VWR Ultrasonic Cleaner

USC 300T) in order to heat the mixture above the UCST (where the liquids are

miscible) and simultaneously disperse the particles. The vial containing the hot

mixture was transferred onto a hotplate (IKA RCT Basic) preheated to 56◦C and

containing metal jackets for the vial and a glass cuvette with a 1 mm pathlength

(Starna Scientific 21-G-1). The mixture was then transferred from the vial to

the preheated cuvette and this was quenched using a stirred room temperature

water bath. The structure of the sample was then observed using a Zeiss LSM

700 laser scanning microscope, with the 555 nm and 488 nm laser lines used for

the excitation of rhodamine B and fluorescein respectively, to determine if a bijel

had indeed been formed. More information on the use of the confocal microscope

can be found in Section 3.2.2.

Making Water–2,6-Lutidine Monogels

Monogel samples were made by Matthew Reeves using the method in [92]. The

FITC-labelled silica particles were dried at 170◦C in a Binder oven for 150

minutes. In this case the drying time was the preferred method for modifying the

particle surface chemistry and therefore once the correct drying time was found

it was not changed. The mass of dried particles required to get 0.7 vol% in the

whole sample was weighed out and these were dispersed in deionised water using

an ultrasonic probe for two bursts of two minutes at 8 W with ten seconds of

vortex mixing in between. A further 10 minutes of ultrasonication was performed

at 8 W followed by another 10 seconds of vortex mixing. Next the 2,6-lutidine

was added to the mixture in the water:2,6-lutidine ratio 72:28 which is the critical

composition for this liquid pair. The same glass cuvettes as for the ethanediol–

nitromethane bijels were used to contain the bijel premix before the bijels were
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made by quenching in the microwave (DeLonghi, P80D20EL-T5A/H, 800 W) for

5 s and 6 s on the “auto-defrost” setting. These were incubated at 50◦C in order

to image the bijels and after this they were cooled back to room temperature to

allow the monogel to form. The length of time of incubation for nanoparticle-

stabilised bijels before they can be cooled to make a monogel is not important

since they can form monogels immediately [92].

Centrifugal Compression Experiments

The details of the centrifugal compression experiments and the subsequent data

analysis relevant for this chapter are given in Section 3.4.

5.3 Results and Discussion

The bijels used in this chapter consisted of RITC-labelled silica particles at 3

vol%, 4 vol%, 5 vol% or 7 vol% stabilising the interface between a continuous

ethanediol-rich phase and a continuous nitromethane-rich phase (see Figure 5.3a

for an example). These structures were stable and were not observed to collapse

under terrestrial gravitational conditions for at least 26 hours and significant

collapse was only observed after approximately 150 hours (see Figure 5.3b). The

experiments in the rest of this chapter were all undertaken within four hours

of bijel fabrication indicating that the bijel was stable to collapse and no effect

from gravity should be present in the results. The bijel stability appears on the

graph as an initial plateau in height ratio and after this there is collapse at a

steady rate. Due to a gap in measurements being taken, it is difficult to know

for exactly how long the bijel remains stable to collapse and also whether an

initial rapid drop in height occurs before the observed steady collapse or not.

Delayed sedimentation, a process where initially no collapse is observed followed

by rapid collapse and then a slower steadier collapse, has been observed in the

collapse of gels consisting of colloidal particles and polymer [149]. Despite the

space-spanning particle network present in both the colloidal gel and the bijel,

the mechanism of collapse probably differs due to the trapping of the particles

on the liquid-liquid interface in the latter.
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Figure 5.3 a: A confocal microscopy image of a typical bijel with 5 vol%
particles and an interface separation of 27 µm. In the image the
particles are coloured yellow and the ethanediol-rich phase is coloured
magenta. b: A graph showing the changes in height ratio of a bijel
sample with 5 vol% particles and an interface separation of 23.1 µm
at room temperature and under terrestrial gravity with time.

5.3.1 Macroscopic Changes to the Bijel under Centrifugal

Compression

Initial compression experiments used high angular acceleration (360 g) centrifu-

gation for 30 minutes and initial observations were of complete destruction of

the sample. Figure 5.4 shows that the two liquids, ethanediol and nitromethane,

are in two distinct layers above a particle fraction. This particle fraction could

conceivably consist purely of particles at maximum packing in one of the liquids

or contain particles with some of the liquids trapped in the structure. In order

to determine whether the particle fraction is formed purely of particles, it was

assumed that it contained only particles and the volume fraction of particles

in the system if this were the case was calculated. If the compressed particle

fraction was composed entirely of particles, the sample would contain a particle

volume fraction of approximately 9.7%, which is around 3 times larger than the

initial volume fraction of particles in this sample. For the maximum packing of

monodisperse particles the volume fraction of the particle fraction should be 1.7

times larger than the volume fraction of particles added. This result indicates that

some liquid remained trapped in the particle fraction. Indeed, confocal images

confirm that a highly compressed structure remains in this fraction which contains

a large number of particles and a small amount of the liquids (see Figure 5.4).

At lower angular accelerations, the bijel structure was not completely destroyed

but the height (Hc) still significantly decreased. These initial experiments were
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Ethanediol

Nitromethane

Particles

Figure 5.4 An image showing the appearance of a bijel with 3 vol% particles
and an initial interface separation of 60 µm that has been completely
destroyed by centrifugal compression at 360 g for 30 minutes and a
confocal microscopy image of the structure of the particle fraction
where the particles are coloured yellow and the ethanediol-rich phase
is coloured magenta. Note that the confocal microscopy image has
been rotated in order to align with the direction in the macroscopic
image. The width of the exterior of the cuvette is 1.25 cm and the
scale bar is 200 µm.

used to determine the parameters for which experiments could be performed and

give measurable results. These were low angular accelerations (14 – 27 g) and

short times (increments of 5 minutes) because the height achieved was found to

be dependent on both the angular acceleration and centrifugation time.

For partially miscible liquids the interfacial tension between the two phases in the

demixed region varies with temperature because the miscibility of the two liquids

varies with temperature. Therefore, as the temperature approaches the critical

temperature from within the two phase region, the interfacial tension decreases.

In terms of a particle-stabilised interface, if the interfacial tension decreases then

the trapping energy for a particle at an interface decreases and the elastic moduli,

which determines the rigidity of the interface, also decreases (see Sections 2.3 and

2.5.1). With this in mind, the centrifugal compression experiments were carried

out at a variety of temperatures in order to determine whether temperatures closer

to the upper critical solution temperature (40◦C) cause faster compression (see

Figure 5.5a). In contrast to the hypothesis, there appears to be no obvious trend

between the temperature of centrifugation and the height ratio obtained after

five minutes (see Figure 5.5a). This result could be because of the short time

of centrifugation and the silicone rubber inserts providing insulation meaning
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Figure 5.5 a: A graph showing the final height ratio of bijels made with 5
vol% particles centrifuged at 14 g for 5 minutes at a variety of
temperatures. b: A height ratio (Hc/H) versus time graph for bijel
samples stabilised by 7 vol%, 5 vol%, 4 vol% and 3 vol% of particles
centrifuged at 14 g in five minute intervals. The different volume
fractions of particles used in the bijels lead to different domain sizes
and these are given in the legend for the relevant volume fractions.
c: A graph showing the final height ratio reached after 60 minutes
of centrifugation at 14 g against the particle volume fraction of the
bijel.

the temperature of the bijel remains close to room temperature. In addition,

multiple height ratios are gained at the same temperature (see Figure 5.5a). To

some extent the differences at the same temperature could be due to differences

in the domain size, which in these samples ranges from 20 µm to 30 µm. Despite

this, the differences still occur between samples with similar domain sizes. These

discrepancies could also be due to the presence of air bubbles in the bijels leading

to differences in the compression rate (see Section 5.3.4) but this was not recorded

for these experiments.

Bijels were centrifuged at a constant angular acceleration (14 g) in intervals of five

minutes for increasing time and the changes in the height ratio (Hc/H) of the bijel

structure were recorded (see Figure 5.5b). This graph shows that the change in
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height ratio can be substantial after the first five minutes but this change decreases

with increasing time resulting in a plateau after approximately 30 minutes. Figure

5.5b also shows some dependence of the compression behaviour on the particle

volume fraction. The final height ratio after 60 minutes of centrifugation at 14

g decreases as the particle volume fraction decreases (see also Figure 5.5c). The

trend between the final height ratio and the particle volume fraction appears

to be almost linear but there is a step between 5 vol% and 6.7 % where the

final height ratio does not increase as much as expected (see Figure 5.5c). The

observation that the final height ratio decreases with the decreasing volume

fraction of particles is unsurprising since the particle volume fraction decreases as

the domain size increases and this would be expected to give a weaker structure.

Additionally, the height of this highly compressed structure may be dependent on

the number of particles in the system, which decreases with decreasing particle

volume fraction. It was also observed that a much more gradual change from the

initial rapid compression to the plateau occurs for samples with larger particle

volume fractions (see Figure 5.5b). This result indicates that the bijels stabilised

by higher particle volume fractions are more robust. This trend is in agreement

with the observation that the tensile strength, at which a bijel fibre made by

the STRIPS method is broken into pieces, increases with increasing nanoparticle

weight fraction [147]. Since the domain size is also dictated by the volume fraction

of particles, it is difficult to distinguish whether the higher stability is due the

smaller domain size or the higher solid content of the bijels or a combination of

these. Smaller domain sizes decrease the permeability of the structure indicating

that it could become more difficult for the liquids to leave the structure. In

addition, the elastic modulus of emulsion systems has been found to scale with

1/R where R is the radius of the droplet [110]. This scaling may also contribute to

the observed trend but the bicontinuous nature of this structure may significantly

alter the elastic modulus. For example, the elastic modulus for a biliquid foam

was found instead to be dependent on γ/a where a is the particle radius [46].

The higher solid content increases the amount of elastic interface and this could

in turn lead to a higher resistance to compression.

The graphs of sample height versus time were then used to calculate the

permeability of the bijels which is described as the ease with which liquid

moves through a porous medium [150]. The approach of Buscall and White

for sedimenting gels, which considers the balance of the viscous drag force, the

gravitational force and the network stress to give the rate of change in sediment

height with time, was used to find the permeability [148]. From this work the
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initial rate of compression dh
dt

∣∣
0

was found to be given by

dh

dt

∣∣∣∣
0

=
−(1− φ0)u0

r(φ0)

(
1− 1

B

)
(5.2)

where φ0 is the initial particle volume fraction, r(φ0) is a dimensionless interaction

parameter accounting for hydrodynamic interactions, B = ∆ρgφ0H
Py(φ0)

, Py(φ0) is the

initial compressive yield stress for a given particle volume fraction, H is the initial

sediment height, ∆ρ is the difference in density between the solid particles and

the liquid with the lowest density, g is the centrifugal acceleration and u0 is the

sedimentation rate of an isolated particle. The latter quantity is calculated using

u0 =
2a2∆ρg

9ηs
(5.3)

where a is the particle radius and ηs is the background solvent viscosity which was

calculated by combining the viscosities of nitromethane and ethanediol in terms

of the ratio 64:36. From here the method of Huh et al. was used to estimate the

permeability [150].

First a capillaric permeability model can be used to estimate r(φ0) using

k0 =
τD2

h

16K(Le/L)2
(5.4)

where k0 is the initial permeability, τ is the porosity which in this case is related

to φ the volume fraction of particles, Dh is the channel diameter, K is a shape

factor for the channel through which liquids flow, Le the effective length of a

tortuous channel through the structure and L is the overall length of the structure

[154]. The capillaric permeability model ignores the fact that different pores are

connected with each other in order to simplify the mathematics. Equation 5.4 is

derived from a modified Hagen-Poiseuille equation, which describes the laminar

flow of a liquid through a pipe, and Darcy’s law, which describes the flow of liquid

through a porous medium. These relate the overall velocity of liquid through the

system and the velocity of the liquid through one specific tortuous channel [154].

This model is pertinent to the bijel because it assumes the liquid travels through

channels which the two liquid phases can be assumed to be. The channel diameter
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(Dh) also called the hydraulic radius can be estimated to be

Dh =
4× volume of voids

surface area of channels
. (5.5)

For the bijel, where the interface is stabilised by particles, the surface area of the

channels can be assumed to be the number of particles multiplied by the surface

area of half a particle. This assumes that the particles are neutrally wetting but

since this is a requirement for bijels this assumption is reasonable. The channel

diameter can then be given as

Dh =
4× VL

NP × 2πa2
(5.6)

where VL is the volume of liquids, NP is the number of particles and a is the

radius of the particles [154]. The porosity τ is defined as the volume fraction of

voids within a porous material and for the bijel the volume fraction of the voids

is the volume fraction of the liquids in the bijel. Therefore, this quantity can be

included in the equation for the channel diameter using τ = VL/VT where VT is

the total volume. The number of particles in the system can then be given by

NP = VP/V1P where VP is the total volume of particles and V1P is the volume

of one particle. Using that the volume fraction of particles is φ0 = VP/VT the

number of particles can be rewritten as NP = φ0VT/V1P . In the bijel φ0 = 1− τ
because the volume fraction of solids and liquids in the system must equal the

total volume of the system. Finally using V1P = 4
3
πa3 gives the equation for the

channel diameter as

Dh =
8τa

3(1− τ)
(5.7)

which can then be combined with Equation 5.4 to give

k0 =
4a2τ 3

9(1− τ)2K(Le/L)2
(5.8)

[154]. Given that τ = 1− φ0 Equation 5.8 can also be written as

k0 =
4a2(1− φ0)3

9(φ0)2K(Le/L)2
(5.9)
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which is similar to the equation used in [150]. In order to relate the initial

permeability to the inital rate of collapse, Huh et al. assumed that the

hydrodynamic interactions between the particles stabilising the interface are given

by r(φ0) ∼ a2/k0. Using Equation 5.9 for the permeability from the capillaric

model indicates that r(φ0) ∼ φ20
(1−φ0)3

. The relation between r(φ0) and k0 was

chosen by Huh et al. because it fits the requirements for r(φ0) given by Buscall

and White that r(φ0)→∞ as φ0 → 1 and that r(φ0)→ 1 as φ0 → 0 [148, 150].

However, this relation between r(φ0) and k0 only satisfies one of these criteria

with r(φ0) → 0 rather than r(φ0) → 1 as φ0 → 0. For many of the capillaric

models the limits of r(φ0) remain the same as those for Equation 5.9. A different

model of flow through porous media, where the liquid flows around solid objects

rather than through a channel, could be used to find the permeability instead. In

this case, there have been various different equations derived to explain the fluid

flow some of which have a similar form to Equation 5.9. Others have a simpler

form of

k0 =
a2(τ)n

C
(5.10)

where n is an exponent and C is a constant [154]. If using this form of equation

for k0 and r(φ0) ≈ a2/k0 then r(φ0) ≈ 1
(1−φ0)n

which has the correct limits for

the model of Buscall and White [148]. Whether the channel flow model or the

flow around solid objects model should be used is dependent on the porosity of

the system. For high porosity systems, such as the bijel, the flow around solid

objects model has been pronounced to be more suitable [154]. Therefore, the use

of r(φ0) ≈ a2/k0 could still be appropriate but the exact form of the permeability

equation is unknown and could depend on the system itself. Despite this, the

model for the initial permeability proposed by Huh et al. will continue to be

followed.

Assuming that the network has a small initial compressive yield stress and the

major contribution to the collapse of the structure is due to the removal of liquid

from the network then B becomes large and 1 − 1
B

can be approximated to 1

[150]. This assumption may not be valid for bijels but if it is not the case, the

equation becomes somewhat more complicated to solve because B in Equation

5.2 is inversely proportional to the yield stress which is unknown [148]. That said,

it seems reasonable that under centrifugal compression the initial driving force

for the decrease in height is the removal of the liquids as opposed to the collapse

116



ba

0 200 400 600 800 1000 1200
0

2

4

6

8

10

12 Data
Linear Fit

In
iti

al
 P

er
m

ea
bi

lit
y 

(µ
m

2 )

Domain Size Squared (µm2)

0 2 4 6 8 10 12
0.0

0.1

0.2

0.3

0.4

0.5

E
qu

ili
br

iu
m

 H
ei

gh
t 

R
at

io

Initial Permeability (µm2)

Figure 5.6 a: A graph showing the relationship between the initial permeability
and the square of the initial domain size of bijels centrifuged at 14 g.
b: A graph showing the relationship between the initial permeability
and the final height ratio achieved after 1 hour of centrifuging at 14
g.

of the particle network particularly since the particles are essentially irreversibly

adsorbed to the interface. Therefore the network of particles is unlikely to collapse

until the domains have been distorted by the template liquids. Now by combining

Equation 5.2 with r(φ0) ≈ a2/k0 the permeability (k0) can then be given by

k0 =
−a2

(1− φ0)u0

dh

dt

∣∣∣∣
0

(5.11)

and dh
dt

∣∣∣
0

can be found from the initial slope of the height versus time graph in

units of ms-1.

The movement of liquids through the structure could be key in the compression

process for the bijel and therefore the initial permeability of the bijel was

determined using Equation 5.11. Figure 5.6a shows that the relation between

the permeability and the square of the domain size is approximately linear which

is consistent with many different models of fluid flow through porous media (see

for example Equation 5.4) [154]. This result is also in agreement with the result

of Huh et al. where a linear relation between the pore area and the initial

permeability for sedimenting vesicle-polymer gels was found [150]. The linear

fit shown in Figure 5.6a is more consistent with the data collected at small

interface separations than the data collected at large ones. This inconsistency

could be due to an increase in the number of defects in the structure with larger

domains and lower particle volume fractions and therefore the larger errors in the

measurement of the domain size. It can, however, still be concluded that as the
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Figure 5.7 A series of time lapse images showing two bijel samples with 5 vol%
particles at various times after centrifugal compression at 14 g for
5 minutes. The scale bar is 1 cm.

internal structure of the bijel becomes smaller it becomes more difficult for liquid

to flow through the bijel indicating that these two quantities are connected. That

this is the case validates the assumptions made in order to calculate the initial

permeability.

Additionally, Figure 5.6b displays the equilibrium height ratio, calculated as the

compressed height after 60 minutes of centrifugation at 14 g divided by the initial

height (Hc/H), plotted against the initial permeability. This graph shows that as

the initial permeability decreases the equilibrium height ratio increases indicating

that slower movement out of the bijel leads to a less compressed structure. This

result could indicate that the compression, and thus the stability of the bijel,

is affected by the movement of the two liquid phases out of the bijel. The

permeability was found to depend on the size of the internal domains of the bijel

(see Figure 5.6a) and it has already been observed that the final compressed height

ratio is determined by the size of the bijel domains (see Figure 5.5b). Therefore,

it is possible that the observed correlation between the permeability and final

compressed height could simply be a consequence of both being controlled by the

interface separation.

Maurice et al. observed some elastic recovery of their emulsion samples after

centrifugation where the height of the compressed structure obtained from

centrifugation measurably increased again [15]. Therefore, whether or not elastic
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a b

Figure 5.8 a: A confocal microscopy image of the top of the compressed
structure of a bijel containing 3 vol% particles after centrifugation
at 20 g for 5 minutes. b: A confocal microscopy image showing
the wetting layer of ethanediol at the bottom of a bijel structure
containing 5 vol% particles before compression. In both images the
ethanediol-rich phase is coloured magenta, the particles are coloured
yellow and the scale bars are 100 µm

recovery occurs for bicontinuous structures was investigated. After centrifugation

at 14 g for 5 minutes, an image of two of the samples was taken every 30 minutes

for 67 hours in order to see if the compressed bijel recovered at all. Figure 5.7

shows that there is no macroscopic elastic recovery of the height of the sample

although some slight further compression under gravity was noted. The lack of

elastic recovery in the bijel structure can be attributed to the presence of two

continuous liquids in the structure that, after centrifugal compression, sit one on

top of the other (see Figures 5.4 and 5.7). Therefore, the top liquid, ethanediol,

cannot easily access the bijel structure after compression in order to refill the

compressed channels and promote elastic recovery. In addition, at the top of the

compressed structure the channels containing the ethanediol were observed to

become particle-stabilised at the ends which closes them off to the supernatant

liquids (see Figure 5.8a).

5.3.2 Microscopic Changes to the Bijel under Centrifugal

Compression

In addition to the decreases in the macroscopic height of the bijel that were

observed under centrifugal compression, the internal structure of the bijel was

also observed to change. The bijel structure was observed to become anisotropic
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as a result of the compression (see Figure 5.9). Three dimensional z-stacks

of the anisotropic structure reveal sheet-like domains with a large domain size

in two directions and a very small domain size in the third direction (see the

orthogonal projections in Figure 5.9). The large image is taken from the flat

side of the cuvette and the two thin image slides are the orthogonal projections

along the yellow lines in the large image. The orthogonal projection on the

right is perpendicular to the centrifuge arm and the one at the base goes into

the cuvette. The large flat surface of the sheet-like domains was orientated

approximately perpendicular to the centrifuge arm and the small domains were

orientated parallel to the centrifuge arm. Assuming that the centrifuge arm is

perpendicular to the axis of rotation, the domains can then be said to have aligned

perpendicular to the applied compressional force. This assumption is reasonable

because the centrifuge buckets can freely rotate. A similar anisotropic structure

was also observed for a bicontinuous polymer blend compressed in a squeeze flow

experiment [144].

Furthermore, the aligned sheet-like domains observed here seem to be similar to

the structure achieved from spinodal decomposition close to a wall which acts

as a template for domain orientation [119, 155]. In this instance, the base of

the cuvette could play an comparable role to the wall in [119]. However, it was

noted that for a thin film thicker than the transition thickness the wetting layer

at the wall did not affect the structure [155]. Therefore, the compressed bijels

may be too large to experience the orientation preference from the cuvette base.

This structuring is possible because both before and after centrifugation a layer

of ethanediol was observed wetting the glass and surrounding the bijel including

at the base (see Figure 5.8b). This wetting layer has the benefit of ensuring that

compression is not hampered by the glass wall of the cuvette. If the base was

templating the anisotropic structure, the structure would occur parallel to the

base regardless of the orientation of the centrifuge arm in relation to the axis of

rotation. Since this orientation cannot easily be measured, the mechanism for

the formation of this structure is not yet clear. In all analysis it is assumed that

the centrifuge arm is perpendicular to the axis of rotation and therefore the force

on the sample also acts in this direction (see Figure 3.2). As stated above, this

assumption is reasonable because the buckets in the centrifuge, and therefore the

samples, are free to rotate during centrifugation indicating that, provided that

the speed of centrifugation is high enough, the samples will be perpendicular to

the axis of rotation.
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Figure 5.9 Confocal microscopy image including the orthogonal projections of
a distorted compressed bijel with 5 vol% particles and an initial
interface separation of 29 µm after centrifugation at 20 g for
10 minutes. The ethanediol-rich phase is coloured magenta, the
particles are coloured yellow and the arrows show the direction
of compression. The scale bar is 50 µm. This image has
been deconvolved using the Huygens®software (Scientific Volume
Imaging).

Solvent withdrawal from the anisotropic compressed structure would be more

difficult than from the bijel structure because the liquid phases become trapped by

layers of particles. This hypothesis indicates that as compression occurs and this

anisotropic structure is formed it becomes more difficult to compress the structure

further implying a negative feedback effect. Indeed, this negative feedback was

observed experimentally in the height ratio versus centrifugation time graphs

where as the time increases the rate of decrease in height is reduced (see Figure
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5.5b). In contrast, a positive feedback loop was observed for the collapse of

colloidal gels where as collapse occurs channels open up increasing solvent flow

and therefore increasing the rate of collapse [149, 150].

It was noted above that the compressed sample does not recover in height (see

Figure 5.7) and additionally the sheet-like anisotropic structure was found to

be permanent. In principle, it is possible that the internal anisotropic structure

relaxes locally as was observed by Tavacoli et al. In those experiments, after

the removal of a local perturbation, which was only applied for a few seconds

and with no macroscopic ejection of liquids, the formed anisotropic structure

was observed to return to the initial isotropic structure [17]. However, in the

centrifugal compression experiments this return to an isotropic structure does not

occur because the anisotropic structure was observed to be stable over time. This

result indicates that for centrifugal compression the particle-stabilised interfaces

of the anisotropic structure are jammed. Additionally, Figure 5.10 shows that

an isotropic structure can persist at the top of a compressed sample whilst at

the bottom of the sample the structure has become anisotropic. That both

the isotropic and anisotropic structures remain intact in the presence of the

other indicates that the structures in both regions must be locally jammed. It

has previously been hypothesised that the yielding in bijels is an unjamming

and re-jamming process and this hypothesis is corroborated by the observations

presented in this chapter [25]. For centrifugal compression this process can be

explained by the following. The heaviest components in this system are the

silica particles and thus, during centrifugation, the particles move towards the

base of the cuvette in the direction of the centrifugal force. Meanwhile, the

liquids also filter upwards through the bijel structure. The interface between the

liquid phases is dragged downwards with the particles and distorted because the

particles are essentially irreversibly adsorbed to the interface due to the high free

energy of detachment. The distortion of the interface by the particles results in

the unjamming of the particles at the interface. In order for this distortion to

occur, the trapping energy of the particles at the interface must not be overcome

by the stress exerted by centrifugation. The interface contracts when the stress is

removed due to the interfacial tension and this leads to the particles re-jamming

in their new positions creating an anisotropic structure. It is still possible that

the shape of this structure is determined by the base of the cuvette acting as a

template.
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Increasing Depth in Sample

Figure 5.10 Images of a compressed bijel with 5 vol% particles and an initial
interface separation of 32 µm that was centrifuged at 15 g for 5
minutes with increasing depth in the sample where the ethanediol-
rich phase is coloured magenta and the particles are coloured
yellow. The scale bar is 50 µm. The bottom line is the fast Fourier
transform (FFT) of these images.

Quantifying the Anisotropic Structure

As was mentioned above, the compressed sample did not always have the same

structure throughout with the isotropic structure remaining intact close to the

top (see Figure 5.10). The samples for which this occurs, were centrifuged

at low angular acceleration and they indicate that, due to compression of the

structure further down, the top of the bijel descends without changes to the

internal structure. The model of Buscall and White predicts this behaviour

for sedimenting colloidal gels [148]. Once an anisotropic structure was formed

the anisotropy was not observed to remain constant but increase approaching

the cuvette base. This observation indicates that compression occurs from the

bottom of the structure similar to collapsing colloidal gels (see Figure 5.10). This

trend can also be observed in the fast Fourier transforms (FFTs) of the images

where the central high intensity disc in the middle of the images becomes more

elongated as the structure becomes more anisotropic. The FFTs were then used

to quantify the changing anisotropy by determining the full width half maximum

(FWHM) values of the peaks in intensity in the horizontal and vertical direction
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Figure 5.11 A graph showing the full width half maximum (FWHM) values
of the FFT peaks obtained using a fit function versus the height
from the cuvette base for a bijel stabilised by 5 vol% particles
and centrifuged at 16.6 g for 5 minutes. The diagram shows the
orientation within the sample.

of the image (see Section 3.4.2 and Figure 3.4).

A particularly good example of the changing FWHM values obtained from this

analysis at different heights in the cuvette is shown in Figure 5.11. Close to

the top of the cuvette the values of the FWHM from the horizontal and vertical

directions of the image are similar. This similarity means that the structure is

isotropic since the peaks are approximate the same width and therefore the FFT

peak is circular and the domains are the same size in both directions. These

values remain fairly constant until a certain height from the base of the cuvette

is reached. At this point the FWHM in the horizontal direction increases and

the FWHM in the vertical direction decreases slightly. The increase in the FFT

peak width in the horizontal direction is due to the decrease in the structure size

in the horizontal direction of the images. The decrease in the FFT peak width

in the vertical direction is due to the increase in the structure size in the vertical

direction of the images. At the height where the values change from constant,

the structure of the bijel changes from isotropic to anisotropic and this height

can vary depending on the particle volume fraction, the angular acceleration

and the quality of the initial structure. Indeed, in some instances the isotropic

structure was only observed at the very top, the first point on such a graph, and

in a few experiments at higher angular acceleration no isotropic structure was

observed. This height where the change in the structure occurs could be construed

124



as the point where the internal yield stress of the structure is exceeded. For all

the data the anisotropy of the structure was observed to increase between the

height at which the isotropic structure changes to an anisotropic structure and

the base of the cuvette. This observation indicates that the structure becomes

more compressed towards the base of the cuvette. The changing anisotropy of the

structure can be accredited to the increase in the radius from the axis of rotation

and the increase in the mass above the sample. Both of these lead to an increase

in the compressional force experienced by the sample (see Equation 5.1).

Stress versus Internal Strain Graphs

Since the anisotropy has been quantified by the FWHM data, a stress versus

internal strain graph can be constructed (see Figure 5.12). Details on the protocol

used to transform the data into this format are given in Section 3.4.2. An example

of a stress versus internal strain graph for a sample centrifuged at low angular

acceleration (14 – 18 g) is shown in Figure 5.12a. At low stress the internal

strain is approximately zero and remains constant until a certain stress is reached.

This region correlates with the region in the sample where the isotropic bijel

structure was maintained and hence no internal deformation is observed. After

this constant strain region, the internal strain is observed to increase. This result

suggests that when the structure starts to become anisotropic internal yielding

occurs. It is difficult to provide a reliable value for the yield stress either due

to sample to sample variability possibly in the internal structure or due to the

presence of air bubbles in the sample. Despite this, a very rough approximation

can be made that it is between 4000 Pa and 5000 Pa. It is also worth noting that

macroscopically the sample has already yielded by compression further down in

the sample even when the bicontinuous microstructure remains intact in places.

Therefore, the true yield stress could be considered to be significantly lower than

this value. It has been previously hypothesised that the bijel has a yield stress

and the findings here are at least qualitatively consistent with this [17, 25]. A

crude estimate for the lower bound on the yield stress of a water–2,6-lutidine

bijel stabilised by 2 vol% particles was calculated by Herzig et al. to be 600 Pa

[25]. This estimate was calculated from experiments involving a cylindrical wire

intermittently falling in a bijel by dividing the weight of the cylindrical wire by

the cross-sectional area of the cylindrical wire [25]. The approximate internal

yield stress obtained here is an order of magnitude larger than this value but

there are a few differences between these two studies. In this work the bijels used
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Figure 5.12 Graphs showing the stress versus internal strain for bijels stabilised
by 5 vol% particles after a: centrifugation at 16.6 g for 5 minutes,
b: centrifugation at 15.4 g for 5 minutes and c: centrifugation at
24.8 g for 5 minutes.

are ethanediol–nitromethane bijels stabilised by 5 vol% particles meaning the

particle volume fraction is larger in these experiments which would increase the

yield stress and the different liquids used may also have an effect. Additionally,

yield stress from these experiments is the value of the internal structure yielding

and macroscopically the sample yields at lower values.

At low angular acceleration the initial constant region was not always observed

to be centred around zero (see Figure 5.12b). This behaviour does not appear

to be dependant on the angular acceleration of the compression because both

types of curve were obtained at the same angular acceleration. Images taken

before the compression experiment and images taken close to the top of the

sample after the compression experiment were compared. They indicate that

before compression the bijels have large domains and a loose bijel structure for

the data where the constant region is not centred around zero. The images from

the top of the centrifuged samples, however, indicate a structure with a closer

resemblance to a bijel and slightly smaller domains than the initial structure.

Whereas, the images for the data where the constant region is centred around
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Figure 5.13 A graph showing the full width half maximum (FWHM) of the FFT
peak in the horizontal direction obtained using a fit function for
a bijel stabilised by 5 vol% particles and centrifuged at 22 g for
5 minutes versus the height from the cuvette base. The diagram
shows the location of channels caused by air bubbles within the
sample (see Section 5.3.4) and the lack of correspondence with the
kink location (where the horizontal FWHM decreases and remains
constant) indicates that these are not related.

zero have similar structures in the images taken before compression and those

at the top of the compressed structure. This image discrepancy is probably the

reason for the initial constant region in Figure 5.12b located at approximately

10 % strain rather than zero because the strain is calculated by comparing the

images taken before and after the compression (see Equation 3.4). That the

initial images contain larger domains could be due to either the images taken

before compression not being representative of the overall bijel structure or the

compression could induce slight structural rearrangements into a bijel structure

with smaller domains. This structure would then have to be resistant to further

compression until the internal yield point is reached. In addition, it was noted

that at least some of the samples that displayed this behaviour contained trapped

air bubbles (see Section 5.3.4) which could also be a contributing factor.

Different behaviour was observed in the stress versus internal strain graphs for

bijels centrifuged at higher angular accelerations (19 – 27 g). At higher angular

accelerations the stress experienced by the sample is increased (see Equation

5.1) and this leads to the removal of the constant region, which was observed for

samples centrifuged at lower angular accelerations, on both the FWHM and stress

versus internal strain graphs. Thus, the first point in the stress versus internal
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At glass wall 16 μm into cuvette 30 μm into cuvette

Figure 5.14 Three confocal microscopy images from a z-stack at the location
of a kink in a bijel with 5 vol% particles and an initial interface
separation of 27 µm that was centrifuged at 20 g for 5 minutes.
The top slice is at the glass wall and the next two slices are further
into the sample. The scale bar is 50 µm.

strain graphs already has a fairly high strain. In addition, instead of observing a

smooth increase in the internal strain with the stress, a kink becomes apparent

(see Figure 5.12c). In the kink region the internal strain remains constant

or decreases with increasing stress. All samples centrifuged at higher angular

acceleration were observed to contain at least one kink. No relation was found

between the location of a kink (or kinks in some cases) and the location of channels

formed by trapped air bubbles during compression (see Figure 5.13 and Section

5.3.4). On a second look at the confocal microscopy images of these samples, large

light and dark regions were observed in layers aligned in the vertical direction of

the image (see Figure 5.14). The scattering of light within the sample leads to a

reduction in the emitted light the further into the sample imaging is performed.

Therefore, clear images with enough light intensity can only be created over a

set distance. When the bijel structure is close to the glass, the light has to

travel through more sample than for the regions where the wetting layer is intact

leading to darker layers within the sample. The appearance of these layers close

to the glass could indicate that, during compression, deformation also occurs on

a larger length scale with the entire structure buckling in places. The buckling

of the sample would then explain the constant or decreasing anisotropy observed

microscopically in the compressed bijel structure because a second compression

mechanism occurs to relieve the stress and further compression of the internal

structure is then not necessary. That it is possible for the entire structure

to buckle can be attributed to the presence of a wetting layer of ethanediol

surrounding the glass that the compressed structure can move laterally into (see
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Figure 5.15 Graphs showing the changes in the length of the side of a cube
calculated from the FWHM data assuming unchanged surface area
from an oblate cuboid with the distance from the cuvette base for
a: the same bijel sample as shown in Figure 5.12a and b: the same
bijel sample as shown in Figure 5.12c.

Figure 5.8b). Indeed, the structure appears to bulge towards the glass on a length

scale of approximately 0.1 mm in z-stacks taken the kink region (see Figure 5.14).

Despite this, at lower angular accelerations this behaviour was not observed and

therefore buckling behaviour may only need to be considered in higher stress

experiments.

The Changes in Interfacial Area

Whether or not the surface area of the interface changes can also be assessed by

further considering the FWHM data in both the horizontal and vertical directions.

The changes in the interfacial area were investigated by modelling the initial bijel

domains as cubes with equal sides and the compressed domains as oblate cuboids

with two long sides and one short side. The length of the side of a cube (l) with

equivalent surface area to the oblate cuboid was then calculated (see Section 3.4.2

and Figure 3.5). The length of this cube can then be compared to the length of

the side of the cube before any compression experiments to estimate whether or

not the surface area of the interface has changed. Figures 5.15a and 5.15b show

the values for l after a compression experiment plotted against the height from

the cuvette base for the same samples as shown in Figures 5.12a and 5.12c. The

value of l for the initial uncompressed structure was calculated from the FWHM

values from the images before compression and is shown as a red line on these

graphs for comparison.

The length l for the compressed sample centrifuged at low angular acceleration
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remains within error of the length calculated for the initial structure (see Figure

5.15a). That the length of the cube remains unchanged down the cuvette

indicates that at low angular acceleration the modification of the interface shape

during compression does not alter the surface area of the interface. This result

could indicate that the particles remain attached to the interface which can be

attributed to the high trapping energy of the particles at the interface that is not

overcome by the stress induced by centrifugal compression. This observation ties

in with the observations of Abkarian et al. where the particles remain trapped

on the interface but distort it due to their own weight [57]. However, after the

compression the total volume of the sample has decreased meaning that if the

cubes used to estimate the interfacial area remain the same size as those before

compression, fewer of them are needed to fill the available space. Therefore, the

total surface area of the interface decreases despite the surface area remaining

constant within all of the images taken. This result could indicate that some of

the particles were ejected from the interface probably from the structure at the

base of the cuvette because the stress is highest here. In addition, images cannot

be taken very close to the base of the cuvette and therefore it is unknown how the

interfacial area changes here. It is possible that there is in fact a large increase in

the interfacial area at the base of the cuvette meaning that the total interfacial

area remains unchanged and the particles remain at the interface. Indeed, a

highly compressed structure with a particle-stabilised interface was observed for

bijels centrifuged at very high angular accelerations (see Figure 5.4). A decrease

in the total area of the interface would be required in order to obtain particle

desorption from the interface [54].

In contrast, at higher angular accelerations, the length of the cube does not remain

unchanged from the uncompressed samples (see Figure 5.15b). For these samples

the length of the side of the hypothetical cube appears to remain fairly constant

with height down the cuvette but it is approximately 10 µm lower than the value

obtained for the initial structure. The lower value indicates smaller cubes and

therefore more of them would be required to fill the same volume but in this case

the total volume of the compressed sample is significantly smaller than that of

the initial sample. The number of cubes required to fill the volume before and

after compression, and therefore the total interfacial surface area before and after

compression, can be calculated (see Section 3.4.2). It was found that, despite the

decrease in the value of l after compression, the total surface area of the interface

decreases with compression indicating that some particles may be ejected from

the interface. Despite this, the majority of the particles appear to remain trapped
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at the interface particularly because the isotropic and the anisotropic structure

present simultaneously in the bijel example used in Figure 5.15a have the same

surface area. This result implies that the anisotropic structure is formed by the

unjamming and re-jamming process described above and that particles are only

pulled off the interface at the base of the cuvette. Of course, it is possible that

the particles are expelled from the interface due to the removal of the interface

by the extraction of the liquids as they move to the top of the structure.

5.3.3 The Centrifugal Compression of Monogels

In addition to the ethanediol–nitromethane bijels, water–2,6-lutidine monogels

were centrifuged. These samples were made by Matthew Reeves and the

compression experiment was carried out by the candidate. Since the liquids are

not restricted to remain in their channels and the particles are not trapped at

an interface in the monogel, the mechanism of compression could be different to

that of the bijel. The compression of the monogel may have more similarities with

the collapse of colloidal gels. Figure 5.16 shows that the macroscopic decrease in

height is less dramatic upon centrifugal compression for monogel samples than

for bijel samples. This observation is reflected in the height ratios which were

measured to be 0.79 and 0.75 for these two samples. These values are higher

than those for ethanediol–nitromethane bijels with 5 vol% particles despite the

particle volume fraction in the monogel being only 0.7 vol% (see Figure 5.5b). It

is worth noting that the particles forming the monogel samples are significantly

smaller than those used in the bijel samples and it is currently unknown as to

how the particle size affects the compression. It was calculated that the maximum

interfacial area stabilised by the 290 nm radius particles at 5 vol% is larger than

the maximum interfacial area stabilised by the 63 nm radius particles at 0.7

vol%. Therefore, the monogel structure, which had larger domains, appears to

be stronger than the bijel structure, which had smaller domains.

Furthermore, it was observed that the microstructure of the monogel remains

unchanged under compression apart from where the entire network buckles

forming obvious wrinkles (see Figure 5.16b). These wrinkles only occur towards

the base of the cuvette where the compressive force is highest. Indeed, destruction

of the particle network was observed in oscillatory shear experiments on the

monogel after which the gel-like properties were no longer observed [143]. These

results could indicate that in the bijel the particles, which are trapped at an
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a b

Figure 5.16 a: An image showing monogel samples after centrifugal compres-
sion at 14 g for 5 minutes. The width of the exterior of the cuvette
is 1.25 cm and the arrows highlight wrinkles in the structure. b: A
microscope image of the structure of the monogel after compression
showing wrinkles in the structure. The scale bar is 200 µm.

interface, have more flexibility to rearrange at the interface and reduce local stress

by the unjamming and re-jamming process described above. This flexibility has

the downside of making the bijel structure more compressible. In contrast, the

monogel can only respond to applied stress by whole network collapse in specific

locations forming wrinkles and therefore remains intact until the yielding point

of the particle network is reached.

5.3.4 The Behaviour of Air Bubbles during Centrifugal

Compression

The presence of air bubbles in the majority of samples can modify the response of

the bijel to compression (see Figure 5.17a for an example of a bubble). There are

two possible sources for the air bubbles in the bijel: air trapped within the silica

particles and nitrogen gas solubilised within the nitromethane. Nitrogen is highly

soluble in nitromethane and could be released due to changes in temperature as

the sample is quenched. No air bubbles have been observed in bijels made from
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a b

Figure 5.17 a: An image taken on the confocal microscope of an air bubble in
a bijel with 5 vol% particles and an interface separation of 40 µm.
b: An image taken on the confocal microscope of bubble and track
after centrifuging for 5 minutes at 15 g in a bijel with 5 vol% and
an initial interface separation of 23 µm. The ethanediol-rich phase
is coloured magenta, the particles are coloured yellow and the scale
bars are 200 µm.

water, 2,6-lutidine and silica particles and in this protocol the silica particles

are dried under vacuum indicating that the nitromethane is the source for the

air bubbles. In addition, it seems unlikely that such large air bubbles can be

formed from small pockets of air trapped in the particles when the particle

volume fraction is only 5 vol%. Assuming that, as for the majority of gases, the

solubility of nitrogen in nitromethane increases with a decrease in temperature

the air bubbles could only be released in the slight temperature increase from

the quench temperature to room temperature. Indeed, this seems likely since

the bijel structure is distorted around the air bubbles indicating that the bijel

structure was formed before the air bubble (see Figure 5.17a). The number of

air bubbles observed in the bijels ranged from 0 to 200 but the majority of the

samples contained fewer than 20 bubbles.

The change in the bijel response to compression with the presence of air bubbles

occurs because the air bubbles are more buoyant than the liquids. The air bubbles

then move upwards during centrifugation creating a path devoid of bijel behind

them which shall be called a track (see Figure 5.17b). Around these tracks the

bijel domains were pulled towards the bubble and in front of the bubble the

bijel was observed to be compressed (see Figure 5.17b). The exposed edges of
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Figure 5.18 A graph showing the relationship between the initial permeability
and the number of channels caused by bubbles in the sample. The
blue diamonds represent the bijels with a domain size of 30 - 35
µm and the green squares represent the bijels with a domain size of
19 - 27 µm. Inset: An image showing a channel in a sample after
centrifugation. The scale bar is 2 mm.

bijel domains that are created when the bubble pushes through were observed to

have become subsequently stabilised by particles. If the angular acceleration and

centrifugation time are high enough these bubbles can travel to the top of the

compressed structure. This movement creates a track through the structure that

is open to the resolved liquids and this type of track shall be called a channel

(see Figure 5.18 Inset). The presence of these channels could undermine the

negative feedback response described in Section 5.3.2 because the liquids can

depart the compressed bijel structure easily through the channels regardless of

how anisotropic the structure becomes. Both of the liquids were observed to be

present in the tracks and channels formed by the rising air bubbles with particle

interfaces between areas of ethanediol and nitromethane.

The increased ability for the liquids to leave the structure through channels leads

initially to a larger macroscopic compression under centrifugation. Indeed, this

behaviour is shown in Figure 5.18 where with an increasing number of channels in

the sample the initial permeability also increases. This result indicates that the

initial movement of the liquids is slower for samples with fewer channels through

the structure. In Section 5.3.1 it was established that the initial permeability is

dependent on the domain size of the bijel and thus the data has been grouped in

this manner. This observation corroborates the hypothesis proposed above that
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a predominate factor in the compression of the bijel is the withdrawal of the two

liquids from the bijel structure. Air bubbles causing the formation of channels

have also been observed to promote settling in iron oxide suspensions [156].

5.4 Conclusions

In the bijel the solid particles provide mechanical stability via a space-spanning

percolating network at the liquid-liquid interface however in this study it was

found that under centrifugal compression the bijel is relatively easily deformed.

This deformation is due, in part, to the density differences between the particles

and the liquids and controlled by the withdrawal of the liquids from the structure

and the unjamming and re-jamming of the particle-stabilised interface. A relation

between the permeability of the bijel and the size of the domains through which

the fluids flow was established with higher permeabilities observed for bijels with

larger domains. The permeability value was discovered to increase for samples

containing large channels caused by rising air bubbles that provide a fast route

for the liquids to escape the structure. Hence samples with more channels or

large domains were found to be compressed faster than those with fewer channels

or smaller domains.

After compression under only modest stresses the microscopic structure of the

bijel was observed to change from the isotropic bijel structure into an anisotropic

configuration. This structure has sheet-like domains where the sheets are aligned

perpendicular to the centrifuge arm and thus the presumed compression direction.

The stability of the anisotropic structure was confirmed by the lack of either

macroscopic or local elastic recovery of the bijel after compression. The existence

of this new structure substantiates previous findings that centrifugal compression

can be used to alter the structure of solid particles stabilising liquid-based

templates [15]. At low angular acceleration the structure was observed to display

internal yielding where the isotropic bijel structure remained intact towards the

top of the sample and at a certain point the structure changed or yielded to an

anisotropic one. After this point, the structure gradually became more anisotropic

when moving towards the bottom of the cuvette and this was associated with an

increase in the applied stress. The increase in stress occurs with a decrease

in height because the radius of centrifugation and the mass above the sample

increases. At higher angular accelerations, and thus higher applied stress, this

yielding point was not observed but another phenomenon, where the whole
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structure began to buckle, was. The buckling was possible because of the presence

of a wetting layer of ethanediol surrounding the glass vial allowing the sample to

move laterally into the space.

The mechanism for the compression of the bijel and the formation of the

anisotropic structure can be explained using the density differences between the

components and the trapping of the particles at the interface. When the particles

move down the cuvette under centrifugation they drag the interface with them

resulting in unjamming. When the stress is removed, re-jamming occurs creating

the anisotropic structure. Indeed, the particle-stabilised surface area does not

change when the structure changes from isotropic to anisotropic. This mechanism

of compression does not occur for other types of space-spanning particle network

(such as colloidal gels and monogels) because it requires the presence of a liquid-

liquid interface. The preliminary findings for monogel compression indicate that

the monogel has a much higher resistance to compression than the bijel which

can be attributed to the lack of a liquid-liquid interface that traps particles.

The structure was observed to become more anisotropic and thus less permeable

with increasing compression. This observation combined with the compression

being controlled by the permeability indicates the existence of a negative feedback

response. As the bijel becomes more compressed, the more difficult it becomes

to compress it further. This effect is demonstrated in the height ratio reaching a

plateau after longer compression times.

5.5 Outlook

Further work on the mechanical properties of the bijel can be used to engineer

the properties of the bijel to those required for specific applications. At this

early stage this should include a full study on the sedimentation of the bijel

under gravity using both height measurements, time lapse imaging and confocal

microscopy of the internal structure. In addition, experiments using a rheometer

could be performed although this comes with its own set of problems. These

include how to create a bijel on the rheometer stage when the quench control

is not as accurate and finding a way to contain the bijel premix in its liquid

state. If it becomes possible to perform reliable experiments on a rheometer

these should first include frequency sweeps and amplitude sweeps in oscillatory

shear to measure the viscoelastic properties and determine the yield stress of the
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bijel. These experiments could be combined with imaging in order to correlate the

macroscopic behaviour to changes in the microstructure. In addition, structure

recovery tests could be performed in order to determine whether or not this type

of perturbation can lead to recovery of the initial structure. These experiments

could be performed for samples with different particle volume fractions and also

the water–2,6-lutidine bijels and monogel samples.

It could be of interest to compare properly the work completed here with

centrifugal compression experiments on water–2,6-lutidine bijels and monogels.

These experiments would require centrifugation at higher temperatures for the

water–2,6-lutidine bijels and this could be combined with a more accurate

temperature study on the compression of bijels from both liquid pairs. These

experiments could then be extended to bijels stabilised by particle of different sizes

in order to verify whether this affects compression. The lack of air bubbles in the

water–2,6-lutidine samples could improve the reproducibility of the data collected.

In addition, a lumi-fuge could be used. A lumi-fuge is a centrifuge combined

with a spectrometer and it measures the transmission of light through a sample

during centrifugation. A lumi-fuge could be used to gain additional information

by measuring the changing height of the bijel in situ during compression. These

experiments could then be used to provide better estimates for the permeability.

It could also be interesting to test the compression properties of a polymerised

bijel although this may have to occur using squeeze-flow rheology as opposed

to centrifugal compression because the polymer may not be visibly compressed

using centrifugal compression.

The air bubbles in the bijel samples could be used to improve understanding of

the bijel structure by analysing the movement of the air bubbles throughout the

structure either under gravity or centrifugal compression. This analysis could

be used to determine local yielding behaviour as the air bubbles force their way

through the structure. Of course, the presence of air bubbles represents a hurdle

to the use of the ethanediol–nitromethane bijel in applications and therefore

ways to remove these should be investigated. Degassing the bijel pre-mix was

attempted but this was not possible because the mixture did not remain inside

the bottle in this process. A possible way to remove the air bubbles could be by

degassing the nitromethane before use or ensuring that the quench temperature

is above the temperature of the room in which the work is carried out.

Finally these experiments could be used to conduct tests on ways to improve

the bijel strength perhaps by using different sizes of particles or as discussed
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in Chapter 6 differently shaped particles. The permeability information gained

from this type of experiment could be useful for applications involving liquid

transportation.
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Chapter 6

The Centrifugal Compression of

Bijels Stabilised by Rod-Shaped

Particles

6.1 Introduction

Bijels have the potential to be utilised in a variety of applications but before any

applications can be realised, it is important to test the mechanical properties of

the bijel in order to understand how it will behave during product processing

and product use [1, 5, 17, 83, 157]. To this end, in Chapter 5 the centrifugal

compression of the sphere-stabilised bijel was investigated. In this chapter the

mechanical properties of the bijel stabilised by rod-shaped particles (or rods as

they will also be called) were also examined using centrifugal compression. The

method of centrifugal compression was chosen for the reasons given in Chapter

5 and also in order to compare the results for rod-stabilised bijels with those of

sphere-stabilised bijels. The equation detailing the compression force given earlier

in this thesis (Equation 2.17) is reproduced here for readability:

F = mω2r (6.1)

where F is the compression force, m is the mass of material above the

measurement point in the sample, ω is the angular velocity and r is the radius
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from the axis of rotation. Emulsions stabilised by rod-shaped particles have been

observed to be more stable [66] and therefore using rod-shaped particles could

improve the strength and stability of the bijel. Despite this, it proved difficult to

stabilise bijels with these rod-shaped particles and the resulting structures were

inferior in quality to those stabilised by spherical particles. In addition, very

few experiments were performed in this chapter meaning that only preliminary

conclusions can be drawn. Finally, it is worth noting that the akaganéite (iron

oxide hydroxide) cores in the rod-shaped particles efficiently absorb light reducing

the quality of the confocal microscopy images.

The results from the centrifugal compression of suspensions of incompressible

particles [116], droplet emulsions [15] and sphere-stabilised bijels [1] have been

discussed already in Section 2.5.2 and Chapter 5. It is still worth noting

again a few key characteristics. First, the microstructure of the sample was

observed to become more distorted towards the bottom of the sample for both

droplet emulsions and sphere-stabilised bijels [1, 15]. The distorted structure

for the sphere-stabilised bijel was anisotropic with sheet-like domains orientated

perpendicular to the compressive force. The formation of this structure was

hypothesised to be a consequence of the unjamming and re-jamming of particles at

the interface [1]. This stress response was also hypothesised in other experiments

testing the mechanical properties of the bijel [17, 25]. Previous experiments

exploring the mechanical properties of the bijel, excepting those performed

for Chapter 5, have been summarised in Section 5.1. Second, the amount of

compression was discovered to be dependent on the rate of the withdrawal of

liquids from the bijel. This liquid withdrawal rate was found to be dictated by

the domain size of the sphere-stabilised bijel, which is determined by the particle

content, and also the presence of air bubbles that can form destructive channels

providing a rapid escape route for the liquids [1]. The sphere-stabilised bijel was,

in fact, found to be relatively easily deformed [1] and therefore the use of rod-

shaped particles as stabilisers could improve the strength of the structure. If this

was the case, it would mean that the rod-stabilised bijel would be more suitable

for use in applications.

Anisotropic particles, such as ellipsoids and rods, have been observed to

preferentially align with their long-axis parallel to the interface because this

removes the largest area of the unfavourable interface [10, 26]. Anisotropic

particles have been found to be better stabilisers of emulsions than spherical

particles [66, 69, 96]. Indeed, anisotropic particles have been observed to stabilise
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emulsions in situations where, without the addition of salt or surfactant, spherical

particles of similar surface chemistry will not [66]. Additionally, the moduli,

as determined by oscillatory interfacial rheology, were found to be larger for

ellipsoidal particle-stabilised interfaces than those for spherical particle-stabilised

interfaces even when taking into account the differences in the surface coverage

of the interface [70]. This effect can be extended further because the moduli were

also observed to increase as the aspect ratio of the anisotropic particles increases

[66]. This behaviour has been hypothesised to be due to the strong capillary

attractions experienced by anisotropic particles at an interface leading to the

formation of an aggregated particle network [69, 96]. These interactions arise

because the shape anisotropy of the particle leads to distortions in the interface

due to the necessity of maintaining a constant contact angle. The energetic cost

of these distortions can be reduced by bringing the particles close together which

minimises the areas of high curvature [10, 135]. That said, rod-shaped particles,

which are cylinders with spherical end-caps, do not cause interfacial distortions

when the contact angle is 90◦ and thus in this situation do not experience capillary

attractions at the interface [67, 71]. In order to make a bijel the particles need to

be neutrally wetting and this implies that capillary attractions at the interface

will be minimised for bijels. Further information on the behaviour of anisotropic

particles at interfaces can be found in Section 2.3.2.

The compression of monolayers of anisotropic particles could be useful for

determining and explaining the behaviour of rod-stabilised bijels under centrifugal

compression. The compression of ellipsoids at an air-water interface in a Langmuir

trough has shown that there is a more gradual increase in the surface pressure

for large aspect ratio ellipsoids compared to spherical particles. This difference

was attributed to different structural rearrangements of the ellipsoids in the

monolayer compared to spherical particles. Under high compressional stress the

particles were observed to rotate (or flip) to have their long axis perpendicular

to the interface. This particular phenomenon cannot occur for spherical particles

[78]. Similar experiments were carried out on monolayers of rod-shaped particles

at an air-water interface which demonstrated that the response to compression

was dependent on the aspect ratio of the rods. Short rods (aspect ratio

of approximately three) were observed to behave similarly to spheres upon

compression of the monolayer with buckling of the entire monolayer observed

at high compressional stress. Rods with an intermediate length (aspect ratio of

approximately nine) behaved similarly to the ellipsoidal particles by flipping to

relieve the compressional stress. Long rods (aspect ratio of approximately fifteen)
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were instead observed to relieve the stress by forming bilayers where the second

layer was aligned with the long axes of the rods parallel to those of the first

layer and in the interstices between the particles in the first layer [71]. That

these mechanisms are possible indicates that the centrifugal compression of the

rod-stabilised bijel may be more complicated than that of the sphere-stabilised

bijel.

Bijels stabilised by rod-shaped particles have already been achieved experimen-

tally and it was observed that rod-stabilised bijels with the same volume fraction

of particles as sphere-stabilised bijels have smaller domain sizes. This difference

was attributed to the larger area of the interface that the rods can remove

compared to spherical particles at the same volume fraction leading to earlier

jamming at the interface and therefore smaller structures [26]. This result was

also observed in simulations of bijels stabilised by either disc-shaped particles

or rod-shaped particles [67, 95]. Using rod-shaped particles could potentially be

a way to reduce the particle content of the bijel without compromising on its

strength and stability. The method for synthesising rod-shaped particles and

subsequently fabricating rod-stabilised bijels given in [26] was followed in this

chapter. The mechanical properties of the resulting bijels were then investigated

by centrifugal compression.

The key result from this chapter is that in comparison to sphere-stabilised bijels

(see Chapter 5) rod-stabilised bijels were observed to be more stable under gravity

but also more easily deformed into an anisotropic structure. This behaviour

indicates that the anisotropy plays an important role in the unjamming and

re-jamming of particles at the interface potentially by rotating at the interface

(see Chapter 4) [67, 71]. The increased stability of the bijel stabilised by

rods can be associated with the results of Chapter 4 where longer rods formed

stronger bridges between droplets. It would be interesting to investigate this

further by using different aspect ratio rods to stabilise the bijel. Comparing the

centrifugal compression of the sphere-stabilised bijels (see Chapter 5) and rod-

stabilised bijels (this chapter) fulfils the aims of this thesis to investigate the

mechanical properties of particle-stabilised emulsions with a changing parameter

and improving understanding of the factors influencing the mechanical properties

of the bijel.
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6.2 Experimental

6.2.1 Materials

Iron (III) chloride (FeCl3, Sigma-Aldrich), hydrochloric acid (HCl, ∼37 wt%,

Analytical Reagent Grade, Fisher Scientific), polyvinylpyrrolidinone (PVP)

(Mw 40,000, K30, Sigma-Aldrich), fluorescein isothiocyanate (FITC) (isomer I,

Sigma-Aldrich), rhodamine B isothiocyanate (RITC) (Fluka), absolute ethanol

(AnalaR NORMAPUR, VWR), 3-aminopropyl triethoxysilane (APTES) (99%,

Sigma-Aldrich), tetraethyl orthosilicate (TEOS) (≥99.0%, GC, Sigma-Aldrich),

ammonia solution (35 wt%, Certified AR for analysis, Fisher Scientific), hexam-

ethyl disilazane (HMDS) (reagent grade, ≥99%, stored in a desiccator, Sigma-

Aldrich), ethanediol (anhydrous, 99.8%, Sigma-Aldrich), nitromethane (≥99%,

for analysis, stored under nitrogen gas, Acros Organics), fluorescein (BDH) and

nile red (for microscopy, Sigma-Aldrich) were used as received. A Fisons Fi-

Stream 4 L still was used to distil the water. The rod-shaped particles were made

by the candidate using the method described in [32] (see also Section 3.1.2).

6.2.2 Methods

The synthesis of the rod-shaped particles is described in Section 3.1, the

characterisation is described in Section 3.3 and Chapter 4 and the subsequent

HMDS modification is described in Section 3.1.3. Two different batches of

rods were used for the experiments performed in this chapter and these were

characterised using both SEM and TEM (see Figure 6.1 for images). The

values of the length, width and aspect ratios (length/width) of the rods that

were determined by TEM and SEM are given in Table 6.1. The discrepancy

between the SEM and TEM measurements has been discussed in Section 4.3.1

although here the values obtained from TEM and SEM are within the standard

deviation values (see Table 6.1). The standard deviation values imply that there

is a large polydispersity in the size of the rods, particularly in the length. The

polydispersity was calculated from the TEM measurements using

Polydispersity =
Standard Deviation

Length Scale
× 100
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to be approximately 32% in the length and approximately 13% in the width for

both batches of rods. The rods from batch 2 were found to be generally longer

and wider than those from batch 1. The majority of experiments presented here

were performed using the rod-shaped particles from batch 2.

Table 6.1 A table showing the lengths, widths and aspect ratios of both batches
of the rod-shaped particles determined using TEM and SEM.

TEM SEM

Batch 1

Length 3.03 ± 0.96 µm 3.16 ± 0.77 µm

Width 366 ± 47 nm 326 ± 50 nm

Aspect Ratio 8.23 ± 2.27 9.82 ± 2.48

Batch 2

Length 3.87 ± 1.22 µm 3.46 ± 1.16 µm

Width 479 ± 65 nm 423 ± 70 nm

Aspect Ratio 7.98 ± 2.03 8.18 ± 2.42

Making Ethanediol–Nitromethane Bijels

The surface of the FITC-labelled rod-shaped silica particles was modified with

hexamethyl disilazane (HMDS) and the method for this and the subsequent

drying of the particles is given in Section 3.1.3. Bijels were formed by first

weighing the correct mass of HMDS-modified rod-shaped particles for 3 vol%

or 5 vol% in a 1.7 ml vial. For example, to obtain 3 vol% of rod-shaped particles

in 0.67 mL of bijel premix 0.04 g of rod-shaped particles is required. Next

nile red-doped nitromethane was weighed into the bottle in order to obtain 64

wt% of liquids followed by ethanediol at 36 wt% of liquids which is the critical

composition for ethanediol and nitromethane. Using the same example of 3 vol%

of rod-shaped particles in 0.67 mL of bijel premix, 0.4643 g of nitromethane

and 0.2612 g of ethanediol would be required to give 64 wt% and 36 wt% of

the liquids respectively. The exact mass of ethanediol required to be added was

calculated from the weight of nitromethane already added to ensure that the

liquid composition was at criticality. In order to heat the mixture above the UCST

(where the liquids are miscible) and simultaneously disperse the particles, the

vial containing the mixture was placed in a hot ultrasonic bath (VWR Ultrasonic

Cleaner USC 300T) and sonicated for 10 – 15 minutes. The vial containing the

hot mixture was moved into a metal jacket sat on a hotplate (IKA RCT Basic)

preheated to 56◦C. A glass cuvette with a 1 mm pathlength (Starna Scientific
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21-G-1) was also preheated inside a metal jacket on the same hotplate. The

mixture was then transferred from the vial to the preheated cuvette and this was

quenched using a stirred ice-water bath at approximately 1◦C. The microstructure

of the sample was then observed using the Zeiss LSM 700 confocal microscope to

determine if a bijel had been formed. More information on the use of the confocal

microscope can be found in Section 3.2.2.

Centrifugal Compression Experiments

Centrifugal compression experiments were then performed on the successful bijel

samples. The details of these experiments and the subsequent data analysis

relevant for this chapter are given in Section 3.4.

6.3 Results and Discussion

This chapter considers the centrifugal compression of bijels stabilised by rod-

shaped particles in comparison to the centrifugal compression of bijels stabilised

by spherical particles as was investigated in Chapter 5. First some details about

the structure of the rod-stabilised bijels are discussed including some difficulties

associated with creating a rod-stabilised bijel. Next the macroscopic changes

in the height ratio of the rod-stabilised bijels under centrifugal compression

are compared to those for sphere-stabilised bijels. The microscopic changes

are discussed next and, similar to the response of sphere-stabilised bijels,

an anisotropic structure was observed to form from rod-stabilised bijels after

centrifugal compression. Presented next is the quantification of the anisotropic

structure using the same method as for sphere-stabilised bijels. This method

involves finding the full width half maximum (FWHM) values of the peak in the

fast Fourier transforms (FFT) of the images. These values are then analysed by

creating stress versus internal strain graphs and estimating the total interfacial

surface area. Finally, qualitative observations on the presence of air bubbles

within the structure and their response to centrifugation are discussed.
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First Particle Batch Second Particle Batch

TEM

SEM

Figure 6.1 SEM and TEM images of both batches of rods that were used to
stabilise bijels. The scale bars in the TEM images are 3 µm and the
pink arrows indicate examples of bundles of rods.

6.3.1 The Fabrication and Characterisation of Rod-Stabilised

Bijels

The bijels in this chapter were stabilised by rod-shaped particles with inter-

mediate aspect ratios of approximately 8 (see Figure 6.1 and Table 6.1). This

aspect ratio is in between those of the rods used for stabilising the emulsions in

Chapter 4, which had aspect ratios of either approximately 3 or approximately 12.

This aspect ratio was chosen because ethanediol–nitromethane bijels stabilised by

rod-shaped particles with an aspect ratio of approximately 9 have already been

reported [26]. The same method for synthesising and fluorescently labelling the

rod-shaped particles was used here as in [26] in order to ensure that it was possible

to form bijels. These rod-shaped particles consisted of an akaganéite (iron oxide

hydroxide) core, a thick layer of plain silica and between them a thin layer of

FITC-labelled silica. Despite using the same method, it proved difficult to form

bicontinuous structures and those that were created were inferior to the structures

of sphere-stabilised bijels (see Chapter 5) and the structures reported in [26].
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a b c

Figure 6.2 Confocal microscopy images showing samples containing a: droplets
of ethanediol in nitromethane stabilised by 3 vol% rod-shaped
particles, b: droplets of nitromethane in ethanediol stabilised by 3
vol% rod-shaped particles and c: a bijel structure stabilised by 3 vol%
rod-shaped particles. For all images the nitromethane-rich phase is
coloured magenta, the FITC-labelled rods are coloured yellow and
the scale bars are 50 µm.

Some examples of different structures achieved whilst attempting to make the rod-

stabilised bijels are shown in Figure 6.2. Ethanediol droplets in nitromethane

were observed to be formed when stabilised by particles modified with high

concentrations of HMDS indicating that they were too hydrophobic (see Figure

6.2a). Nitromethane droplets in ethanediol were observed to be formed when

stabilised by particles modified with low concentrations of HMDS indicating that

they were too hydrophilic (see Figure 6.2b). Bijel-like structures were achieved

when using rods modified by intermediate concentrations of HMDS although

these had much larger domain sizes than expected and still contained lots of

droplets (see Figure 6.2c). Determining the structure formed using confocal

microscopy proved difficult because the akaganéite (iron oxide hydroxide) cores

of the rod-shaped particles absorb light efficiently and reduce the depth at which

it is possible to image. It is possible to remove the akaganéite cores from the

rods which could help with this imaging problem [32]. In addition, the structures

often had very different domain sizes for the same particle volume fraction and

the probability of forming a bijel appeared to be reduced compared to sphere-

stabilised bijels.

The original experiments performed by Hijnen made bijels inside glass capillaries

with a maximum cross-sectional area of 0.8 mm2 [32]. The experiments presented

in this chapter, on the other hand, used glass cuvettes with a cross-sectional

area of 10 mm2. The cross-sectional area of the glass cuvettes used in this

chapter is over ten times larger than that of the glass capillaries and this could
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be the reason why the bijel structures made here appeared worse than those

presented in [26]. Another possible reason for the less than perfect structures

formed could be the large polydispersity in the length of the rods (see Figure

6.1 and Table 6.1). The original experiments used rod-shaped particles with a

length polydispersity of 17% whereas the rod-shaped particles used in this chapter

had a length polydispersity of approximately 32% (see Table 6.1) [32]. This

polydispersity then affects the wetting properties of the rods because the smaller

surface area on the shorter rods means that they can become more hydrophobic

than their longer counterparts when treated with the same concentration of

HMDS. The polydispersity in length then leads to a polydispersity in the wetting

characteristics which will have almost certainly modified the bijel structure

particularly given the large size of the rods because it was found that smaller

particles with a polydispersity in wetting properties are more likely to produce

a good quality bijel than larger particles with a similar polydispersity [92].

Nonetheless, there appeared to be little difference between structures stabilised

by the rod-shaped particles from batch 1 or batch 2 which were slightly different

sizes. Furthermore, there appeared to be a large number of rods that were

bundled together into strange shapes and the shape of the particle also affects the

trapping of the particles at the interface and therefore potentially the bicontinuous

structure (see Figure 6.1). These shapes could be assembled either by the

formation of branches during the precipitation of the akaganéite needles or by the

needles aggregating together and subsequently being coated in silica. These three

things could be affecting the bijel structure either individually or in combination

and therefore future experimental work will be required in order to minimise at

least the particle based problems.

In an attempt to create bijels stabilised by rod-shaped particles combined with

good microscopy images, the dyes were changed to the same ones used in Chapter

5. Therefore, a new batch of silica-coated particles was synthesised and labelled

with rhodamine B isothiocyanate (RITC) instead of FITC. In addition, the

ethanediol phase contained fluorescein as opposed to the nitromethane phase

containing nile red. Unfortunately this made imaging more challenging rather

than less challenging because the fluorescein dye was adsorbed onto the surface

of the rod-shaped particles. This adsorption then meant that only the location

of the rod-shaped particles could be determined (see Figure 6.3).

Similar to sphere-stabilised ethanediol–nitromethane bijels, it was observed that

the bijel-like structures stabilised by rod-shaped particles contained air bubbles
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a b c

Figure 6.3 Confocal microscopy images showing the droplet structure formed
from the temperature-induced phase separation of ethanediol and
nitromethane for a sample with RITC-labelled rods and fluorescein
in the ethanediol for a: the 488 nm laser channel and b: the 555
nm laser channel. For a and b the scale bars are 50 µm c: A
confocal microscopy image showing the fluorescein adsorbing to the
rod-shaped particles where the fluorescein is coloured yellow, the
RITC-labelled rods are coloured magenta and the scale bar is 4 µm.
This image was obtained with the help of Job Thijssen.

(see Figure 6.4). That these air bubbles were still present despite changing the

particles used to stabilise the bijel indicates that the particles are unlikely to be

the source of air in the system. This reason in combination with those stated

in Chapter 5 indicates that it is unlikely for the silica particles to be the source

of the air bubbles. These were that water–2,6-lutidine bijels do not contain air

bubbles despite also being stabilised by silica particles and that the particles are

dried under vacuum making the trapping of air less likely. These air bubbles were

hypothesised to be formed by the increasing temperature after the quench leading

to a decrease in the solubility of nitrogen in nitromethane and therefore forming

air bubbles in the structure (see Section 5.3.4). This effect would be expected

to be more pronounced for the rod-stabilised bijels because a deeper quench was

performed. The deeper quench means that there was a larger initial temperature

decrease during the quench followed by a larger temperature increase up to room

temperature. In contrast to the air bubbles in sphere-stabilised bijels, the air

bubbles in rod-stabilised bijels appear to be stabilised by the rod-shaped particles

which could have consequences in the centrifugal compression of the bijels (see

Figures 6.4 and 6.14). That it was possible for the rods to stabilise air bubbles

could indicate that there was a large variation in the wettability of the rods and

this would also affect the quality of the bijel structure formed. The samples

contained between 0 and 200 air bubbles although the majority of samples had

approximately 60 air bubbles. For the sphere-stabilised bijels, the majority of
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Figure 6.4 A confocal microscopy image showing an air bubble present in a
substandard bijel structure. The nitromethane-rich phase is coloured
magenta, the FITC-labelled rods are coloured yellow and the scale bar
is 50 µm.

samples contained fewer than 20 air bubbles. The larger median number of air

bubbles present in the rod-stabilised bijels could be due to the deeper quench as

mentioned above.

It needs to be considered in all the experiments performed and analysed in the

next section that these structures appeared to be inferior to the bicontinuous

structures stabilised by spherical particles in Chapter 5.

6.3.2 The Centrifugal Compression of Rod-Stabilised Bijels

Despite these bicontinuous structures being substandard, some preliminary

centrifugal compression experiments were performed. These bijels were stabilised

by rod-shaped particles at either 3 vol% or 5 vol% but the domain size varied

significantly between samples with the same particle volume fraction. It is also

worth bearing in mind that the experiments detailed below were only performed

once or twice and with samples that could have very different structures and

domain sizes and therefore the reproducibility of the results cannot be established.

Some of the data for the centrifugal compression of the sphere-stabilised bijels

from Chapter 5 is reproduced in this chapter in order to make comparisons.
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Figure 6.5 Graphs showing a: the change in height ratio Hc/H with time
for bijels stabilised by either 3 vol% rod-shaped particles with an
interface separation of 50.9 µm or 5 vol% spherical particles with an
interface separation of 23.1 µm under terrestrial gravity with time
and b: the height ratio versus time for bijels stabilised by 3 vol%
rod-shaped particles, 3 vol% spherical particles and 4 vol% spherical
particles centrifuged at 14 g in five minute intervals. The different
volume fractions of particles and the different particle shapes used
lead to different domain sizes and these are given in the legend of
the graph.

Macroscopic Changes to the Bijel under Centrifugal Compression

First, it was established that the samples were stable to gravitational collapse

over the time scale of the centrifugal compression experiments (see Figure 6.5a).

In fact, the samples were observed to be stable to collapse under gravity for

approximately 260 hours and significant collapse did not occur over 2500 hours

(approximately 100 days). Within the first hour the bijel collapsed slightly but

from this point onwards the sample appeared to be relatively stable to further

collapse for hundreds of hours. In contrast, the bijel stabilised by spherical

particles collapsed much more rapidly (see Figure 6.5a). This result implies that

the rod-stabilised bijel may be significantly more stable than the sphere-stabilised

bijel particularly because the sphere-stabilised bijel had a larger particle volume

fraction which would normally be associated with more solid-like behaviour.

Additionally, the domains in the sphere-stabilised bijel were smaller than those in

the rod-stabilised bijel indicating that liquid flow out of the structure was slower.

Of course, the higher particle content also increases the mass of the sample, which

could contribute to the earlier collapse of the bijel, although this behaviour was

not observed for bijels under centrifugal compression.

The change in the height ratio (Hc/H) with centrifugation time at an angular

acceleration of 14 g was investigated for bijels stabilised by 3 vol% of rod-shaped
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particles (see Figure 6.5b). Due to the observation in Chapter 5 that the presence

of channels to the top of the compressed structure caused by air bubbles increases

the rate of compression, only samples containing no observed channels are shown

in this graph. The decrease in height ratio for the rod-stabilised bijels was

observed to follow the same trend as for the sphere-stabilised bijels with an initial

rapid decrease in height ratio followed by a much more gradual decrease (compare

with Figure 5.5b). In comparison to the 3 vol% sphere-stabilised bijels (also shown

in Figure 6.5b), the rod-stabilised bijels appear to be much stronger because the

initial height ratio decrease was not as pronounced for the rod-stabilised bijels

and also the height ratio reached after 60 minutes of centrifugation was larger

for the rod-stabilised bijels. This result is the expected one because it has been

noted previously that rod-stabilised monolayers at interfaces have larger elastic

moduli than sphere-stabilised monolayers [66, 70].

A direct comparison between sphere-stabilised and rod-stabilised bijels cannot

be made because the rod-stabilised bijels used for this experiment had smaller

domain sizes than the 3 vol % sphere-stabilised bijel. This observation is in

agreement with the results of Hijnen et al. that for a constant volume fraction

the domain sizes of sphere-stabilised bijels were larger than for rod-stabilised bijels

[26]. This result could be important because the results of Chapter 5 indicate

that the domain size, which controls the permeability of the structure, may affect

the compression of the bijel. This is because during centrifugal compression the

liquids filter out of the structure and the ease with which they can do this was

found to be determined by the domain size. For this reason, the change in height

ratio for rod-stabilised bijels with centrifugation time was also compared to the

4 vol% sphere-stabilised bijel which has a similar domain size (see Figure 6.5b).

Apart from very small discrepancies in the height ratio achieved after 5 minutes

of centrifugation, the values of the height ratio for the 3 vol% rod-stabilised bijels

are consistent with the values obtained for the centrifugal compression of the 4

vol% sphere-stabilised bijel. This result implies that the domain size is a much

more important factor when considering the centrifugal compression of the bijel

than the particle content or even the particle shape. However, the rod-shaped

particles have a slightly higher density than the spherical silica particles due to

the akaganéite core and are much larger than the spherical particles which could

be affecting the result.
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Microscopic Changes to the Bijel under Centrifugal Compression

Changes to the internal structure after centrifugal compression, as also observed

for sphere-stabilised bijels, were observed for rod-stabilised bijels. Similar to

the sphere-stabilised bijels, centrifugal compression was observed to result in an

anisotropic structure for the rod-stabilised bijels. This anisotropic structure is

shown in Figures 6.6, 6.7 and 6.8. Figure 6.6 shows the orthogonal projections

obtained from z-stacks of confocal microscopy images which indicate that this

anisotropic structure also had sheet-like domains. These were orientated with

the large surface perpendicular to the centrifuge arm and therefore perpendicular

to the presumed direction of the compressional force. The small domain size was

orientated parallel to the centrifuge arm and therefore parallel to the presumed

direction of the compressional force (see Figure 6.6). The assumption on the

direction of the compressional force is reasonable because the centrifuge buckets

are free to rotate and the preferred orientation of the cuvette, given high enough

angular acceleration, would be perpendicular to the centrifuge arm. The presence

of this structure in both sphere-stabilised and rod-stabilised bijels indicates that

the particle shape does not influence the mechanism for compression.

That the particle shape does not influence the mechanism for compression of the

bijel can also be determined by an isotropic bijel structure remaining intact at the

top of the sample for both rod-stabilised and sphere-stabilised bijels centrifuged

at low angular acceleration (see Figures 6.7 and 5.10). This result indicates

that under centrifugal compression the bijel collapses from the base with the

preserved structure falling down as the material underneath is compressed. This

mechanism of collapse is similar to that described in the model of Buscall and

White for sedimenting colloidal gels [148]. The structure of the compressed rod-

stabilised bijel appeared to become more anisotropic going towards the base of

the sample (see Figure 6.7). In the majority of examples for the rod-stabilised

bijel the isotropic structure was only observed to be preserved at the very top

of the compressed sample. Despite this, the presence of both an isotropic and

anisotropic structure simultaneously implies that the same mechanism for the

formation of the anisotropic structure as that for sphere-stabilised bijels can be

applied here. This process is an unjamming and re-jamming of the particles

stabilising the interface whereby the particles drag the interface downwards with

them during centrifugation. The unjamming of particles at the interface occurs

because the high density particles are pulled towards the base of the cuvette

during centrifugation and the high interfacial trapping energy prevents them
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Figure 6.6 A confocal microscopy image including orthogonal projections of a
compressed bijel stabilised by 3 vol% rod-shaped particles with an
initial interface separation of 36.4 µm after centrifugation at 14 g
for 5 minutes. The nitromethane-rich phase is coloured magenta,
the FITC-labelled rods are coloured yellow and the scale bar is 50
µm. This image has been deconvolved using the Huygens®software
(Scientific Volume Imaging).

from being removed from the interface. The above macroscopic result, that the

macroscopic height is strongly linked to the domain size, indicates that the liquid

movement out of the system is key to compression and this occurs at the same time

as the particles moving downwards. Once the stress is removed, the anisotropic

structure is locked in place because the particles re-jam. This mechanism for

the formation of an anisotropic structure may be further complicated by the

possibility of rod-shaped particles rotating at the interface, which they have been

observed to do in response to compressional stress [71]. This rotation could

happen during centrifugation not only to relieve the stress but also to reduce

the drag forces by the rods orientating with their long-axis in the direction of

flow. It is possible that, if there is free interface available after the stress has
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Figure 6.7 Confocal microscopy images of a compressed, rod-stabilised bijel with
3 vol% rod-shaped particles and an initial interface separation of 36.4
µm after centrifugation at 14 g for 5 minutes with increasing depth
in the sample. The nitromethane-rich phase is coloured magenta,
the rod-shaped particles are coloured yellow and the scale bars are 50
µm.

been removed, the rods can rotate back to the favourable configuration with the

long-axis parallel to the interface.

The presence of this anisotropic structure confirms that the initial samples can be

considered to have a bicontinuous structure even if it is not perfect because the

structure formed upon centrifugal compression of a droplet sample is very different

to that formed from a bicontinuous structure (see Figure 6.8). The compressed

droplet sample still contains lots of droplets and also sheets of particles. This

result is dissimilar to the results of the centrifugal compression of emulsions

stabilised by PMMA particles which formed biliquid foams upon compression [15].

The different structures formed in these two cases could be due to a dependence

on the particles shape, the particle density and also the droplet size because the

emulsion droplets used in [15] were significantly larger than those in this sample.

The difference in the compressed structures could also be attributed to the longer

time and higher angular acceleration of the centrifugation of the emulsions in [15]

both of which have been observed to influence the compression of bijels (see

Chapter 5). Given the results of Chapter 4, it is also possible that the droplets

shown in Figure 6.8 are connected together by bridging particles which would also

affect the compressed structure formed. The droplets in the images in Figure 6.8

do appear to be clustered together as observed for bridging droplets making this
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Bijel

Droplets

Before Centrifugation After Centrifugation

Figure 6.8 Confocal microscopy images of the structure of a bijel sample and a
droplet sample before and after centrifugation for 5 minutes at 14 g.
The nitromethane-rich phase is coloured magenta, the FITC-labelled
rods are coloured yellow and the scale bars are 50 µm.

hypothesis plausible (see Figure 4.4). Bridged droplets have been observed to

form inside one of the continuous bijel phases during a secondary phase separation

step for hydrophilic particles [86]. Therefore, although at first glance it appears

unlikely that bridged droplets can be formed from phase separation, it is entirely

possible that these droplets are bridged. The presence of bridged droplets could

mean that during compression the coalescence of droplets becomes more likely

because bridging particles can stabilise an emulsion without fully coating the

droplets and the bridging particles can experience high torques due to droplets

rotating which leads to the removal of the bridging particles [52, 64]. Large

droplets can then become distorted during centrifugal compression in a similar

manner to the bijel leading to pancake shaped droplets and therefore creating

the particle sheets seen in Figure 6.8. It is also possible that these sheets of

particles were formed from free particles in the emulsion that were not stabilising

an interface. The presence of free particles becomes more likely if the droplet

interfaces are not fully coated in particles.
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Quantifying the Anisotropic Structure

The change in the structure from isotropic to anisotropic and the subsequent

increasing anisotropy (see Figure 6.7) was quantified in the same way as for

the sphere-stabilised bijels. This method involved finding the full width half

maximum (FWHM) values of the peaks in the Fast Fourier transforms (FFT) of

images taken at different heights within the cuvette (see Section 3.4.2 and Figure

3.4). Figure 6.9 shows two example graphs of how the value of the FWHM changes

with height from the cuvette base: one for low angular acceleration centrifugation

(Figure 6.9a) and one for higher angular acceleration centrifugation (Figure 6.9b).

Similar to the sphere-stabilised bijels, the FWHM in the horizontal direction

increases in value going down the cuvette indicating that the domain size is

decreasing in the horizontal direction of the image. However, the FWHM values

in the vertical direction no longer seem to decrease but instead either remain

constant within error or increase. This result indicates that the average size of

structures in the vertical direction of the image decreases or remains the same as

the isotropic structure. This result could be a consequence of the substandard

structures and poor image quality. Despite this, the anisotropy of the structure

still increases because the increase in the FWHM values in horizontal direction

is significantly larger than any change in the vertical direction. Additionally,

there was no initial region where the FWHM remained constant even for samples

centrifuged at low angular accelerations (compare with Figure 5.11). The lack

of the initial constant region is because the isotropic bijel structure was only

observed to remain intact right at the very top of the compressed structure

for the rod-stabilised bijels centrifuged at low angular acceleration. The more

rapid increase in the FWHM values in the horizontal direction for the sample

centrifuged at higher angular acceleration compared to the sample centrifuged

at low angular acceleration implies that the anisotropic structure is formed more

quickly when centrifuging at higher angular accelerations (compare Figures 6.9a

and 6.9b). This behaviour was also observed for sphere-stabilised bijels and

can be attributed to the increased compressional force experienced by samples

centrifuged at higher angular accelerations (see Equation 6.1).

There is, however, a major difference between the centrifugal compression

experiments for rod-stabilised bijels and sphere-stabilise bijels: the former were

performed with 3 vol% rods but the latter were performed with 5 vol% spheres. In

order to make better comparisons, experiments were also undertaken with bijels

stabilised by 5 vol% rods and bijels stabilised by 3 vol% spheres. The FWHM
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Figure 6.9 Graphs showing the full width half maximum (FWHM) of the FFT
peak obtained using a fit function versus the height from the cuvette
base for a: a bijel stabilised by 3 vol% rod-shaped particles with
an initial interface separation of 36.4 µm centrifuged at 14 g for
5 minutes b: a bijel stabilised by 3 vol% rod-shaped particles with
an initial interface separation of 36.8 µm centrifuged at 21 g for 5
minutes.

graphs for the bijels stabilised by 3 vol% spheres were not observed to have

a constant region. This result indicates that the presence of this region, which

implies that the anisotropic structure has not yet formed, depends on the particle

content of the bijel. For the bijels stabilised by 5 vol% rods, the FWHM graphs

were found to be similar to those for the bijels stabilised by 3 vol% rods with no

initial constant region because the isotropic structure was only observed at the

very top of the sample. This result could indicate that the rod-stabilised bijels

form an anisotropic structure more easily under compression than the sphere-

stabilised bijel. That the anisotropic structure appears to form more easily for

the rod-stabilised bijels could be a consequence of the ability of the rod-shaped

particles to rotate at the interface to relieve stress. Given the substandard bijel

structure, however, this conclusion is only tentative.

Stress versus Internal Strain Graphs

Following the same procedure as used in Chapter 5, the graphs of FWHM versus

height in the cuvette can be converted to stress versus internal strain graphs

(see Section 3.4.2 for the protocol). Four examples of stress versus internal

strain graphs are shown in Figure 6.10 for different angular accelerations and

also different particle volume fractions and particle shapes. For 3 vol% rod-

stabilised bijels centrifuged at low angular accelerations, the isotropic structure

was only preserved right at the top of the sample leading to an initial value of
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Figure 6.10 Graphs showing the stress versus internal strain for bijel samples
centrifuged for five minutes with a: an initial interface separation
of 36.4 µm, b: an initial interface separation of 36.8 µm, c: an
initial interface separation of 27.1 µm and d: an initial interface
separation of 46.9 µm. The lines connecting the data in c and d
are shown as a guide to the eye and do not represent the relation
between stress and internal strain.

approximately zero internal strain but immediately after this the internal strain

increases rapidly (see Figure 6.10a). The internal structure can be said to have

yielded at this point because the anisotropic structure was observed to be formed

after this. Similar to the stress versus internal strain graphs from 5 vol% sphere-

stabilised bijels centrifuged at higher angular accelerations, a kink was observed

where the internal strain remains constant or decreases with increasing stress.

After this kink the internal strain continues to increase with increasing stress.

Kinks were not observed for sphere-stabilised bijels centrifuged at low angular

accelerations which could indicate that the centrifugal compression behaviour of

the rod-stabilised bijels is different in some aspects to that of sphere-stabilised

bijels. For 3 vol% rod-stabilised bijels centrifuged at higher angular accelerations,

the stress versus strain graphs display similar behaviour to those for 5 vol%

sphere-stabilised bijels with no zero strain point and a kink in the data (see

Figures 6.10b and compare with Figure 5.12c). The samples centrifuged at

higher angular acceleration experience larger compressional forces and therefore
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the structure was observed to be anisotropic from the top.

The presence of the kink at lower angular acceleration centrifugation for the rod-

stabilised bijels compared to sphere-stabilised bijels could be due to the lower

particle volume fraction or the substandard structures of the rod-stabilised bijels.

In order to determine whether or not the particle volume fraction is affecting the

microscopic compression, two more experiments were performed at low angular

acceleration (14 g): one with 3 vol% spheres stabilising the bijel and the other

with 5 vol% rods stabilising the bijel. The stress versus strain graph for the

bijel stabilised by 5 vol% rods centrifuged at low angular acceleration is shown

in Figure 6.10c. Again the bijel structure yields almost instantly due to the

formation of the anisotropic structure. It is also possible that a kink is present in

this data but because it is very noisy it is difficult to confirm whether the internal

strain increases gradually or a kink appears. The horizontal error bars indicate

that there is a kink region where the internal strain remains approximately

constant because the error bars in this region only overlap at the peripheries.

The stress versus internal strain graph for the bijel stabilised by 3 vol% spheres

centrifuged at low angular acceleration also appeared very similar to those for

bijels stabilised by 5 vol% spheres centrifuged at higher angular accelerations (see

Figure 6.10d). An obvious kink was observed where the strain remained fairly

constant as the stress was increased. This result implies that the presence of the

kink in the 3 vol% rod-stabilised bijels centrifuged at low angular acceleration

could simply be a consequence of the lower particle volume fraction. Similar to

the 3 vol% rod-stabilised bijels, the isotropic structure was only present right at

the very top of the sample and therefore yielding was immediate.

For sphere-stabilised bijels the presence of these kinks was attributed to the whole

sample buckling which was possible due to a layer of ethanediol wetting the glass

(see Section 5.3.2). Sample buckling relieves the compressional stress by large

sections of the structure moving laterally into the wetting layer until it reaches

the glass wall of the cuvette and therefore wrinkles are formed. Therefore, the

anisotropy of the compressed bijel does not need to increase further to reduce

the stress resulting in a kink where the internal strain, which is calculated from

the anisotropy, does not change with increasing stress. These wrinkles in the

structure were also observed for rod-stabilised bijels and in fact appeared to

be more pronounced in this case (see Figures 6.11 and 6.12 and compare with

Figure 5.14). Figure 6.11 shows the orthogonal projections of a z-stack of confocal

microscopy images taken within the kink region. In the large image, which is
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Figure 6.11 A confocal microscopy image including orthogonal projections
showing the wrinkles present in a compressed bijel with 3 vol% rod-
shaped particles and an initial interface separation of 40.4 µm after
centrifugation at 17 g for 5 minutes. The nitromethane-rich phase
is coloured magenta, the FITC-labelled rods are coloured yellow and
the scale bar is 50 µm. This image has been deconvolved using the
Huygens®software (Scientific Volume Imaging).

aligned with the large side of the cuvette, it is possible to see that the wetting

layer and the compressed bijel structure co-exist in the same z-plane indicating

that the compressed structure has been pushed towards the glass. In addition,

the depth into the sample where the compressed structure starts can be observed

to change in the orthogonal projection below the large image, which is aligned

with the small side of the cuvette (see Figure 6.11). Due to the akaganéite cores

of the rod-shaped particles, it is difficult to image further into the sample giving

rise to dark regions behind the compressed structure. The wetting layer in these

images was bright as also observed for sphere-stabilised bijels despite the change

in the dye and the liquid phase it fluoresces in (see Chapter 5). The location of

the dye in the nitromethane has been confirmed by the location of bright and dark
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a

Glass 18 μm 34 μm 

b

Glass 14 μm 28 μm 

c

Glass 12 μm 24 μm 

Figure 6.12 Confocal microscopy images from z-stacks of a compressed bijel
stabilised by 3 vol% rod-shaped particles with an initial interface
separation of 36.8 µm after centrifugation at 21 g for 5 minutes
at a: 1 cm from the cuvette base b: 0.7 cm from the cuvette base
and c: 0.5 cm from the cuvette base. These translate to the stress
values a: 7072 Pa, b: 8004 Pa and c: 8642 Pa. The depths into
the cuvette are given by the values underneath the images. The
nitromethane-rich phase is coloured magenta, the FITC-labelled
rods are coloured yellow and the scale bars are 50 µm.

regions for hydrophilic and hydrophobic rod-shaped particles stabilising droplets

(see Figure 6.2). It is more likely that this bright region is an imaging effect

rather than a change in the liquid wetting the glass.

In order to check whether these wrinkles only coincide with the kink region,

z-stacks were taken at various heights within the cuvette. Some examples of

confocal microscopy images at three different depths within the cuvette from z-

stacks at three different heights in the cuvette are shown in Figure 6.12. Close

to the top of the compressed sample, which is outside of the kink region, there is

only a small amount of material pushed closer to the glass and most of the image

contains the wetting layer (see Figure 6.12a). The wrinkles appear to become

more pronounced and potentially larger with decreasing height in the cuvette

and this has also been observed for other rod-stabilised bijel samples despite the

considerable sample to sample variability (see Figure 6.12).
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The Changes in Interfacial Area

Continuing to follow the analysis used in Chapter 5, the changes in the interfacial

surface area of the rod-stabilised bijel were estimated. Following the protocol

given in Section 3.4.2 the initial bijel domains were modelled as cubes with equal

sides and the compressed domains were modelled as oblate cuboids with two long

sides and one short side (see Figure 3.5). The length of the side of a cube (l)

with equivalent surface area to the oblate cuboid was calculated. The changing

value of l is then plotted against the height from the cuvette base in Figure 6.13

for a rod-stabilised bijel centrifuged at low angular velocity (Figure 6.13a) and a

rod-stabilised bijel centrifuged at higher angular velocity (Figure 6.13b). These

values are compared to the value of l calculated from images of the bijels taken

before centrifugation (the red line in Figure 6.13). For both samples the length

of the hypothetical cube remains fairly constant with decreasing height in the

cuvette indicating that the interfacial area per image does not change much with

the changing structure.

The rod-shaped particles of this aspect ratio have been observed to reduce the

particle-stabilised interfacial area by flipping at the interface [71]. That this

response is possible indicates that it may be easier to reduce the interfacial

area and therefore deform the microscopic structure of the rod-stabilised bijel

compared to the sphere-stabilised bijel. Indeed, this result has been observed

already with the anisotropic structure forming faster and at lower stress values
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Figure 6.13 Graphs showing the length of a side of a cube calculated from
the FWHM data assuming unchanged surface area from an oblate
cuboid with the distance from the cuvette base for a: the same
sample as in Figure 6.10a centrifuged at 14 g for 5 minutes and
b: the same sample as in Figure 6.10b centrifuged at 21 g for 5
minutes.
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for 5 vol% rod-stabilised bijels compared to 5 vol% sphere-stabilised bijels. When

using the approximately constant value obtained for l to calculate the total

interfacial area in the compressed rod-stabilised bijels (see Section 3.4.2 for details

on how this was done), the total compressed interfacial area was found to be

lower than the total initial interfacial area for both examples shown in Figure

6.13. The total interfacial area was found to be reduced by approximately 0.7

for the rod-stabilised bijel centrifuged at low angular acceleration (14 g) and

by approximately 0.4 for the rod-stabilised bijel centrifuged at higher angular

acceleration (21 g). This result indicates that the higher angular acceleration

results in a larger reduction in the interfacial area. The total interfacial area for

the 5 vol% sphere-stabilised bijel was calculated to be reduced by approximately

0.5 after centrifugation at higher angular acceleration (24.8 g). This result could

verify the above hypothesis but the particle volume fractions of the spheres and

the rods are not the same and the rod-stabilised bijels have an inferior structure.

The Behaviour of Air Bubbles during Centrifugal Compression

As mentioned above, air bubbles were also present in the rod-stabilised bijels and

these air bubbles travel upwards during centrifugation due to their buoyancy.

Although not quantitatively measured, it appeared that many of the air bubbles

a b

Figure 6.14 Confocal microscopy images showing the response of an air bubble
to centrifugation at 14 g for 5 minutes within a bijel structure
stabilised by 3 vol% rod-shaped particles and a: an initial interface
separation of 40.3 µm or b: an initial interface separation of
36.4 µm. In both images the nitromethane-rich phase is coloured
magenta, the FITC-labelled rods are coloured yellow and the scale
bars are 200 µm.
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only formed short tracks devoid of bijel during centrifugation (see Figure 6.14a)

and some air bubbles did not even appear to move during centrifugal compression

(see Figure 6.14b). In addition, many samples still contained channels where the

air bubbles had reached the top of the compressed sample. By quantifying the

number and length of tracks and channels caused by air bubbles rising to the

top of the sample for both sphere-stabilised and rod-stabilised bijels it may be

possible to create another measure of the strength of the bijel and a more detailed

comparison between bijels stabilised by particles with different shapes.

6.4 Conclusions

The mechanical properties of the rod-stabilised bijel were tested using the method

of centrifugal compression in order to determine whether the use of anisotropic

particles as stabilisers could increase the stability and the strength of the bijel.

The results of these experiments should be considered to be preliminary because

only a few experiments were undertaken and the bicontinuous structures of the

rod-stabilised bijels were inferior to those from sphere-stabilised bijels. That said,

some similarities and differences between the sphere-stabilised and rod-stabilised

bijels can be considered.

It was observed that the collapse of the bijel under gravity was significantly slower

for the rod-stabilised bijel as opposed to the sphere-stabilised bijel indicating that

a rod-stabilised bijel may have a significantly longer shelf-life than the sphere-

stabilised bijel. Despite this, the collapse of rod-stabilised bijels with centrifugal

compression was observed to be identical to that of sphere-stabilised bijels with a

very similar interfacial separation. This result indicates that the domain size is the

key parameter determining the macroscopic effects of centrifugal compression and

given the results of Chapter 5 this correlation can be attributed to the decreasing

permeability of the structure with decreasing domain size. That a lower volume

fraction of rod-shaped particles is required to create a bijel with the same domain

size as the sphere-stabilised bijel could be useful for reducing the particle volume

fraction of the bijel whilst maintaining its structural integrity.

The anisotropic structure formed upon centrifugal compression of the sphere-

stabilised bijel was also observed upon centrifugal compression of the rod-

stabilised bijel and generally the anisotropy increased down the cuvette. This

result indicates that the rod-stabilised bijels also experience internal yielding
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of the structure. In contrast to sphere-stabilised bijels, the centrifugation at

low angular acceleration of the rod-stabilised bijel produced an anisotropic

structure almost right to the top of the compressed structure. This result could

indicate that it is easier to form the anisotropic structure for rod-stabilised

bijels which could be attributed to the rotation of the rods at the interface.

The rotation of the rods at the interface during centrifugal compression would

promote the unjamming and re-jamming mechanism that was proposed to create

the anisotropic structure (see Chapter 5). This behaviour could also affect

the macroscopic compression because the formation of the anisotropic structure

makes further compression more difficult. Additional experiments are required in

order to investigate this further due to the differences between the rod-stabilised

bijels and the sphere-stabilised bijels in the particle volume fraction, the domain

sizes and the quality of the structure.

The kinks in the stress versus internal strain graphs can be explicitly linked

to the buckling of the sample because the wrinkles formed from this were only

observed in the kink region. The wrinkles were found to be more prominent in the

compressed rod-stabilised bijel than the sphere-stabilised bijel. The implication

is that once the anisotropic structure is formed it becomes easier for the stress

to be relieved by the bulging of the sample into the wetting layer of the glass

cuvette than by compressing the structure further.

The collapse under gravity of the structure indicates that the rod-stabilised bijel

is significantly more stable than the sphere-stabilised bijel. However, the results

of the subsequent centrifugal compression experiments imply that the microscopic

bicontinuous structure of the rod-stabilised bijel is more easily deformed into an

anisotropic structure than the sphere-stabilised bijel. Compression becomes more

difficult as the structure becomes more anisotropic and this could result in the

rod-stabilised bijel displaying less macroscopic compression. Therefore different

shapes of particles could be used as stabilisers to create a bijel with the optimum

properties required for different applications.

6.5 Outlook

The preliminary nature of these experiments means that in order to verify many

of the tentative conclusions expressed above further experiments are required.

The first and possibly most important task would be to design a synthesis for

166



the rod-shaped particles that results in a smaller polydispersity in the length

and fewer bundles. This could potentially be achieved by further refining of the

synthesised rods by using more centrifugation steps to separate out short rods and

large aggregates of rods. It may also be possible to modify the synthesis method

in such a way to reduce the polydispersity and the number of bundled rods. The

latter could be achieved by undertaking the silica coating step in smaller batches

with more vigorous stirring to prevent aggregated bundles of rods from being

silica coated and therefore stuck together.

Once more monodisperse rod-shaped particles have been synthesised, they can

be used to stabilise bijels and it can be determined whether or not this improves

the bijel structure. Either way the experiments described above can be repeated

and extended in order to determine the reproducibility of the results and the

generality of the conclusions. For example, similar to the sphere-stabilised bijels,

the macroscopic changes in height ratio with centrifugation time can be recorded

for bijels stabilised by a variety of different particle volume fractions. This

experiment would give insight into how the particle volume fraction and the

particle shape affect the compression. Additionally, it would be of great interest

to use particles with a range of aspect ratios to stabilise bijels and then test their

mechanical properties in similar experiments to those in both this chapter and

Chapter 5 because anisotropic particles with longer aspect ratios have been found

to increase the stability of emulsions and the aspect ratio was found to determine

the preferred response of rod-stabilised particles in a monolayer to imposed

compressional stress [66, 71, 78]. Furthermore, if any of the possible further

experiments on sphere-stabilised bijels suggested in Section 5.5 are performed

these could be extended to rod-stabilised bijels.

Finally the akaganéite core of the rod-shaped particles are antiferromagnetic and

have been shown to align in the presence of a magnetic field [122]. In addition,

the akaganéite (iron oxide hydroxide) core can be, at least partially, converted

into magnetite (iron oxide) which has a larger magnetic moment. These modified

rods were observed to form chains in the presence of a magnetic field [32]. These

magnetic properties could be utilised to create droplets and bijels that interact

with a magnetic field. This interaction of the particles with a magnetic field

could be particularly interesting in the bijel structure because the rods could

rotate at the interface and therefore train the structure into new configurations.

Additionally, the magnetic rods could be used to control the flow, or even the

direction of flow, of materials through the bijel or other liquid-based structure.
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Any experimental work on bijels stabilised by magnetic particles could then be

compared to simulation results for magnetic sphere-stabilised bijels [117].
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Chapter 7

The Mechanical Properties of Bijels

Fabricated by Direct Mixing

7.1 Introduction

Bijels or bicontinuous interfacially jammed emulsion gels, which have been

introduced in Section 2.4, have many desirable properties but require a high

degree of experimental precision and as explored in Chapter 5 are not particularly

robust [1]. The two main problems associated with the original method of

fabricating the bijel are that the wetting properties of the particles need to be

tuned precisely and partially miscible liquid pairs with symmetric phase diagrams

and similar densities are required. Some attempts have been made to simplify

the process including by using mixtures of commercial particles with different

wettabilities as stabilisers and using solvent-induced phase separation instead

of a temperature quench to create the bicontinuous structure [27, 28]. Despite

simplifying some aspects of the protocol for making bijels, these still rely on phase

separation mechanisms in order to produce the bicontinuous structure. Many

bicontinuous particle-stabilised structures have been made using polymer blends

by methods that do not always rely on phase separation [51, 97, 102–104, 158–

160]. This structure has been created in a variety of ways including directly

mixing polymer melts with particles [102, 104, 158–160], a process called chaotic

advection that involves repeatedly stretching and folding lamellar polymer blends

until the layers become thin enough to form pores resulting in an interconnected

structure [51, 98] and spin casting which produces thin layers of polymer blends
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with an internal bicontinuous structure formed from phase separating di-block

co-polymers [97, 103].

A popular method to circumvent particle modification for emulsions stabilised

by particles involves using both nanoparticles and surfactants in interface

stabilisation [161]. Ionic surfactant molecules adsorb onto the surface of a charged

particle and modify the wetting properties of the particle [162, 163]. Initially,

the particles become more hydrophobic because the hydrophobic surfactant

tails extend outwards from the particle [162]. At high enough surfactant

concentrations this also causes the particles to flocculate due to the lowered

apparent surface charge which reduces the effect of charge stabilisation [163].

This flocculation could lead to large particle clusters adsorbing onto the interface

which increases the free energy of detachment and modifies the overall wetting

properties of the particle cluster compared to those of a single particle. At even

higher surfactant concentrations, a bilayer of surfactant surrounds the particle

with the hydrophilic surfactant heads pointing outwards. This bilayer reverses

the charge of the particles, makes the particles more hydrophilic and removes

the particle flocculation [162, 163]. There is, however, a disadvantage to using

surfactants to modify the wetting properties of particles. This disadvantage is

the decrease in the interfacial tension that occurs when surfactants adsorb to the

interface. This lower interfacial tension is a disadvantage because the interfacial

tension also determines the free energy of detachment of particles (see Equation

2.14). The lower interfacial tension does, however, allow more interface to be

created during the mixing process [164]. Most commonly, stabilisers for emulsions

[162, 163, 165], foams [166] and non-equilibrium droplets formed by arrested

coalescence events [167] from surfactants and particles in combination have been

created by the adsorption of surfactants onto the particles before the interface is

introduced. Alternatively, the particles and surfactants can be introduced at the

interface by having one in each phase [29, 161, 168].

Recently, two methods for fabricating bijels without the need for complicated

temperature quenches or tuning the wettability of the particles have been

developed [2, 29]. The first method involves mixing a silicone oil phase

and a glycerol phase in the presence of hydrophilic silica nanoparticles and

cetyltrimethylammonium bromide (CTAB) surfactant with a stirrer bar in a

two-step process. The first step involves slow mixing which forms large glycerol

droplets in the silicone oil. The second step involves fast mixing which transforms

the glycerol droplets into a large particle-stabilised interconnected structure.
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Figure 7.1 Four images of a bijel sample taken close together and aligned
afterwards to achieve a bigger field of view where the FITC-labelled
particles are coloured yellow, the nile red-labelled glycerol is coloured
magenta and the scale bar is 300 µm.

An example of the structure made during this process is shown in Figure

7.1. That this structure was particle-stabilised is believed to be due to the

addition of surfactant that can adsorb onto the particle surface and modify

the wetting properties as detailed above. The high viscosity of the liquids

used was hypothesised to be important for slowing down the dynamics of the

system and thus allowing tortuous domains to form. The high viscosity also

increases the time it takes for particles to adsorb onto the interface but this is

mitigated by the presence of surfactants. When adsorbed to the interface, the

surfactants reduce the interfacial tension of the system and thus the driving force

towards spherical droplets [2]. This method of creating bijels will be used in the

subsequent chapter. The second method fabricated a bicontinuous structure from

low viscosity immiscible liquids with carboxylic acid functionalised polystyrene

particles combined with amine-terminated silicone oil surfactants as stabilisers.

This study used the same approach as developed in the first method by combining

particles and surfactants but in this study the surfactant was initially in the oil

phase and the particles initially in the water phase. Rather than two mixing steps,
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the mixing method for forming the bicontinuous phases in this paper was simple

shaking. The bijel formation was attributed to the mixture of amine-terminated

silicone oil surfactants used, one of which can induce a positive curvature of the

interface and the other can induce a negative curvature of the interface. Similar to

the first method developed, the bicontinuous structure was hypothesised to form

by the coarsening of an initial droplet structure but in this study the structures

formed had much smaller domain sizes [29]. This work could indicate that the

viscosity of the liquids and the two-step mixing protocol are not as important for

bijel formation as hypothesised.

The rheological properties of any material are fundamental to its applicability

because this determines whether or not it will perform as required in a

given situation. These properties can provide information on how robust the

final product could be and knowledge of how these properties are linked to

compositional changes can potentially offer more control over the final product

[30, 169]. For soft structured materials, which often need to behave differently

depending on the applied stress, processing or final consumer use could disrupt

the internal microstructure if the rheological properties are not investigated

[170]. The macroscopic properties of systems with multiple phases and complex

microstructures that are stabilised by particles are often determined by the

particle-stabilised interface itself [171]. For these systems, it is therefore

important to understand the links between the macroscopic properties of the

material and the changes in the internal structure. These links then provide

the potential for the microstructure and the interface to be engineered in order

to obtain the required material properties [80]. For the bijel made by direct

mixing, the rheological properties could give insight into whether the interface

is stabilised by a fully jammed particle layer or by a mixture of particles and

surfactants because the latter has a more fluid interface than the former. This

chapter investigates the rheological properties of the bijel made by directly mixing

silicone oils, glycerol, silica particles and CTAB surfactant using a rheometer to

perform standard procedures. It is complicated to use the method of centrifugal

compression as used in Chapters 5 and 6 to investigate the mechanical properties

of the bijel made by direct mixing because the bijel made by direct mixing was

made in standard glass vials as opposed to optical glass cuvettes and it would

be difficult to subsequently transfer the viscous bijel into these glass cuvettes.

Similarly, as mentioned in Chapter 5, using a rheometer to investigate the

mechanical properties of the original bijel made by quenching remains difficult

because the bijel premix is a low viscosity liquid and the quenching rate is limited
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[30, 86, 93]. Therefore, the mechanical properties of the bijels fabricated by the

two different methods can only be partly compared.

The key result from this chapter is that the bijel made by mixing possesses a

yield stress and displays two-step yielding indicating that the bijel has a flexible

interface stabilised by both particles and surfactants. The mechanical properties

determined by standard rheological measurements of the bijel made by direct

mixing can be compared to the mechanical properties determined by centrifugal

compression of the bijel made by quenching (see Chapter 5). In particular the

fluidity of the interface appears to determine the size of the yield stress of the

bijel structures. In addition, the flexibility of the interface is an important

factor in determining the behaviour of a macroscopic droplet in an equilibrating

ternary system (see Chapter 8). The use of standard rheological measurements to

investigate the mechanical properties the bijel made by mixing fulfils the aims of

this thesis by firstly determining the mechanical properties of a particle-stabilised

emulsion, secondly identifying factors influencing the mechanical properties of

bijels made by different methods and finally as a first step to investigating the

feasibility of using the bijel made by mixing in applications.

7.2 Experimental

7.2.1 Materials

Ethanol (puriss), silicone oil (10,000 cSt), silicone oil (50 cSt) and nile red

(for microscopy) were purchased from Sigma-Aldrich. Glycerol (laboratory

reagent grade ≥98%) and cetyltrimethylammonium bromide (CTAB) (Pure) were

purchased from Fisher Chemical. All chemicals were used as received. The

silica particles (radius 14 nm) were made via the Stöber method by Andrew

Schofield [89] and fluorescently labelled with fluorescein isothiocyanate (FITC)

dye (isomer I, Sigma-Aldrich) as described by Imhof et al. (see also Section 3.1.1)

[121]. Hydrophobic HDK H2000 silica particles were a gift from Wacker-Chemie

(Burghausen). The HDK H2000 particles are hydrophobic with approximately

25% silanol groups compared to hydrophilic silica. These were subsequently

fluorescently labelled by the addition of two drops of approximately 10 – 20 µL

from a 1 mL glass Pasteur pipette of an ethanol solution containing FITC (0.66

mM) covalently bonded to 3-aminopropyl triethoxysilane (APTES at 0.17 M) to
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4 vol% silica particles dispersed in an ethanol (89 vol%) and ammonia solution

(11 vol% of a 35 wt% solution) under stirring. There were 30 minutes between

the drop additions and the mixture was left to stir overnight. The particles were

subsequently washed five times with ethanol by centrifuging the particles out of

the solution and redispersing them in clean ethanol. A mixture of 10 wt% FITC

particles and 90 wt% unlabelled particles was then used.

7.2.2 Methods

Bijel Fabrication

Silica particles with a radius of 14 nm, labelled with FITC and dispersed in

ethanol at a known mass fraction were first weighed into a vial in order to obtain

0.03 g of silica particles. 2.97 g of nile red-labelled glycerol was then added to

the vial to make a 1 wt% silica particles in glycerol solution. This mixture was

sonicated using an ultrasonic probe (Sonics Vibracell VCX500) with a tapered tip

(tip diameter 3 mm) at an amplitude of 20% in a 5 seconds on, 5 seconds off cycle

for a total of 5 minutes sonication time. The amplitude of the ultrasonic probe

given here is specific to diameter of the tip of the probe used but, because there

is a direct relationship between amplitude and intensity, the amplitude setting

needs to be the same for consistent results. Before and after this step the probe

was cleaned by running two short sonication cycles with ethanol. The ethanol in

the silica particles in glycerol dispersion was then evaporated off by leaving the

vial in a Binder oven set to 60◦C or a Memment oven set to 50◦C overnight. Next

the relevant mass of CTAB was weighed out into a new vial and for the majority

of experiments this was in the mass ratio of 3:4 (particles:CTAB). Then 0.6 g

of the silica particles in glycerol dispersion was added into the vial resulting in

0.006 g of silica particles and therefore 0.008 g of CTAB was used. The sample

was stirred at 200 rpm for 5 minutes using a magnetic stirrer bar and a magnetic

stirrer plate (IKA RCT basic). Next 0.5 g of a 1:1 (by mass) mixture of silicone

oils (50 cSt and 10,000 cSt), which was prepared by mixing the silicone oils on a

roller bank overnight, was added to the vial. The mixture was then mixed slowly

at 200 rpm for 1 minute (IKA RCT basic magnetic stirrer plate), rested for two

minutes (no mixing) and then mixed quickly for another five minutes (at level 2

on a Stuart stir CB161 magnetic stirrer plate). In order to undertake confocal

microscopy, a small amount of the sample was transferred to a glass cover slide

using a spatula. The samples were then viewed on a Zeiss LSM 700 laser scanning
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microscope using the 488 nm laser to excite the FITC-labelled particles, the 555

nm laser to excite the nile red in the glycerol and filters as appropriate (see

Section 3.2.2 for more details on confocal microscopy).

For the squeeze flow experiments performed at ESPCI in Paris a slightly different

mixing protocol was used because the samples were prepared on location. First,

the amount of the 1 wt% silica in glycerol dispersion was increased to include

0.17 g of silica particles and 16.83 g of glycerol in a larger vial but the dispersion

method and the ethanol evaporation method were kept the same. Second, the 1

wt% silica in glycerol dispersion was not used immediately but seven days later

and over the course of a further ten days. Third, the slow mixing plate used was

changed to a VELD scientific AREX DIGITAL PRO heating magnetic stirrer and

the mixing on this plate took place at 250 rpm as opposed to 200 rpm. Finally,

the fast mixing step was often reduced to only three minutes as opposed to the

original five minutes and the resting step was often skipped. In addition, the

same composition of silicone oils, glycerol, silica particles and CTAB was used to

make droplet samples for squeeze flow experiments and in order to achieve this

the mixing protocol was changed to be only five minutes of fast mixing (at level 2

on the Stuart stir CB161 magnetic stirrer plate). Before the rheology experiments

were performed a small sample was put on a glass cover slide and imaged using a

Karl Zeiss LSM510 confocal microscope with AIM software (version 4.2) and the

488 nm laser was used for imaging the FITC-labelled silica particles.

Rheology

In Edinburgh, an Anton Paar (MCR 301) rheometer was combined with a Leica

(DMi8 TCS SP8) confocal microscope in order to perform rheology experiments

whilst simultaneously imaging the structure (see Section 3.2.2 for information

on the confocal microscope). A cross-hatched parallel plate geometry with a

diameter of 25 mm and a plate separation of 1 mm was used to perform the

experiments. The samples were scooped onto the base glass plate using a spatula

and the parallel plate lowered down. The excess of the sample around the edge of

the plate was removed before the experiments were performed. No pre-shearing

step was performed because this would have destroyed the bicontinuous structure.

Confocal microscopy was performed using the 488 nm and 552 nm lasers to excite

the FITC-labelled particles and the nile red-labelled glycerol respectively. First z-

stacks were taken to check the 3D nature of the structure followed by time series
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images taken in conjunction with the rheology experiments. For every sample

first a frequency sweep from 0.1 rad/s to 100 rad/s at 0.1% strain was performed.

Next an amplitude sweep from 0.01% strain to 1000% at various frequencies was

performed. A cone plate geometry with a cross-hatched 25 mm diameter cone

with an angle of 1◦ was used to perform a rotational shear experiment from a

shear rate of 0.1 s-1 to 100 s-1. Additionally, the viscosity of the glycerol and the

silicone oil mix was determined with a rotational shear experiment from a shear

rate of 0.01 s-1 to 100 s-1 using a cone-plate geometry with a slightly roughened

50 mm cone at an angle of 1◦ on the same Anton Paar rheometer.

In Paris, an Anton Paar rheometer (PHYSICA 502) with a disposable parallel

plate geometry was used in order to perform squeeze flow experiments. The

surface of the top and bottom 50 mm parallel plates were both glass slides. A

glass slide was stuck to the bottom plate using double-sided tape and a second

glass slide was stuck to the top plate geometry with cyanoacrylate glue. The

bottom plate was temperature controlled and set to 25◦C. The samples were

scooped onto the base glass plate using a small spatula and the parallel plate was

lowered down to a plate separation of 1 mm. Here a frequency sweep from 100 to

0.1 rad/s at 0.1% strain was performed. Squeeze flow experiments can either be

performed with constant area, where the circular area being compressed remains

the same and sample volume is ejected out of the sides, or constant volume, where

the plate is initially under filled and the circular area being compressed increases

as plate separation decreases. These squeezing experiments were performed using

a constant volume approach and therefore were stopped at a plate separation of

0.25 mm as this filled the geometry. These squeezing experiments were performed

for both bijel samples and droplet samples at six different plate velocities. After

this a second frequency sweep from 100 to 0.1 rad/s at 0.1% strain was performed

in order to see if the sample had been altered by the squeezing experiment. Before

the sample was loaded and after the experiment was finished a small sample was

taken, placed on a glass cover slide and observed using a Karl Zeiss LSM510

confocal microscope. Fits of the squeeze flow data were performed using the

Solver feature in Microsoft Excel.

7.3 Results and Discussion

In this chapter first various parameters necessary for the formation of a tortuous

structure using the method for making bijels simply by mixing as detailed in [2]
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are discussed. These include the necessity of using CTAB and particles together,

a comparison between hydrophobic and hydrophilic particles and changes to the

mixing protocol such as the number of steps and the inclusion of a waiting time.

The long term stability of the structure was also demonstrated. Due to the high

viscosity liquids, this structure is much easier to handle than the original bijel

and thus a rheometer combined with a confocal microscope was used to conduct

rheo-imaging experiments. The results of these experiments are discussed in the

section that follows the fabrication results. Finally squeeze flow experiments on

the bijel made by mixing and comparable droplet samples are analysed.

7.3.1 The Fabrication of Bijels by Direct Mixing

The method for fabricating bijels by direct mixing was developed by others within

the group and some testing of this method was performed by the candidate [2].

The candidate made all of the samples and performed all of the experiments

presented in this chapter. An example of the structure of a bijel made using

this method is shown in Figure 7.1. First the necessity of the system containing

both surfactant and particles was determined by removing these two components

independently. When the surfactant was removed, the structure remained non-

equilibrium in shape because it was still particle-stabilised however the structures

were large and generally not connected (see Figure 7.2a). This result indicates

that the surfactant plays a key role in the formation of a bicontinuous structure

by this method. Despite this, the concentration of CTAB necessary for forming

a bicontinuous structure was not found to be specific because tortuous structures

were observed for CTAB concentrations in glycerol between 10 mM and 80 mM.

When the particles were removed, only silicone oil droplets in glycerol were formed

and these were assumed to be surfactant-stabilised (see Figure 7.2b). This result

indicates that with these components and without the particles it is not possible

to form stable non-equilibrium connected domains such as in the bijel.

The universality of this method was also briefly tested by using hydrophobic

silica particles and in this instance only particle-stabilised glycerol droplets in

silicone oil were formed (see Figure 7.2c). This result would be expected because

hydrophobic particles induce the formation of droplets of the polar phase in the

non-polar phase specifically in this case glycerol droplets in silicone oil. This

result indicates that the particles remain hydrophobic even with the addition of

surfactant and is unsurprising because when making silica particles hydrophobic
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a b c

Figure 7.2 a: Confocal microscopy image of a structure made without CTAB.
b: Confocal microscopy image of a structure made without silica
particles. c: Confocal microscopy image of a structure made
with hydrophobic silica particles. In all images, the FITC-labelled
particles are shown in yellow, the nile red-labelled glycerol is shown
in magenta and the scale bars are 200 µm.

the silanol groups are substituted for more hydrophobic ones. This substitution

greatly reduces the negative charge of the particle and it is the negative charge

that causes the cationic surfactant to adsorb to the particle surface. Additionally,

the adsorption of surfactants generally has been shown to render particles more

hydrophobic due to their hydrophobic chains extending outwards from the particle

surface. Therefore, neutrally wetting particles can not be produced using this

method when starting from hydrophobic particles [162, 163].

The tortuous samples created by the two-step method described above appeared

to remain stable for some time. After ten days the bicontinuous structure was

observed to remain intact and even after two months a non-equilibrium structure

remained although it can no longer be said to be bicontinuous (see Figure 7.3). In

addition, no macroscopic phase separation was observed during this two month

period (see Figure 7.3). This stability was not always achieved and appeared

to be dependent on the initial structure formed. Macroscopic separation was

perceived by the observation of the appearance of two layers within the sample

for a less convincing bicontinuous structure after ten days and for an even worse

structure this separation was observed after only five days. The quality of the

structure was judged by the microscopic appearance of the sample, for example a

good quality structure was determined to be one with small connected domains

whereas a worse structure was determined to be one with large domains that were

not all connected together. The stability problem means that it is necessary to

form good quality structures in order to achieve long-term stability.
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Directly after mixing 10 days after mixing 2 months after mixing

Figure 7.3 Confocal microscopy images and macroscopic images of a sample
taken at different times after creating the structure. These
images show the stability of the structure microscopically and
macroscopically. In all confocal microscopy images, the FITC-
labelled particles are shown in yellow, the nile red-labelled glycerol is
shown in magenta and the scale bars are 200 µm. In the macroscopic
images, the vials are 2 cm in diameter.

The stability of these structures is hypothesised to be due, in part, to the particles

and surfactants at the interface preventing phase separation. That the structure

evolves over time indicates that there is some fluidity to the interface and therefore

the particles are not jammed. There is, however, a large density difference

between silicone oil and glycerol meaning that phase separation is highly likely

and was indeed observed to occur quickly when using alternative mixing protocols

and for structures with limited interconnectivity [2]. As evidenced in Figure 7.5a,

silicone oil droplets are created in the glycerol phase after the slow mixing step.

These silicone oil droplets can become particle-stabilised and are also observed

to be present in the final bicontinuous structure (see Figure 7.4). These droplets,

when small enough, are hypothesised to increase the stability of these structures

due to the density of the two phases becoming more similar. The small size of

the droplets could be important since the effects of gravity become lessened with

a decrease in size. The samples that appear to have better quality structures

contain these very small droplets but those with worse structures tend to contain

much larger droplets. This observation could indicate that the stability is affected

by either the size of the droplets or the quality of the structure or a combination

of these.

Some small changes to the mixing protocol were also made in an attempt to

verify an initial hypothesis that the waiting time is important for successful

bijel fabrication. This waiting time was believed to be important because some

coalescence of the large glycerol droplets formed after the slow mixing step was

observed during this waiting time leading to non-equilibrium shaped droplets (see

Figure 7.5a). These could easily be presumed to become connected during fast
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Figure 7.4 Confocal microscopy images of the bijel structure of one sample
at different magnifications to show the presence of small particle-
stabilised silicone oil droplets in the glycerol phase. In both images,
the FITC-labelled particles are coloured yellow and the nile red-
labelled glycerol is coloured magenta.

mixing. Many of the particles were also observed to remain solely in the glycerol

phase after the slow mixing step and thus it was also thought that the waiting

step provided more time for the particles to approach the interface (see Figure

7.5a). In order to determine the importance of the waiting time, experiments were

performed where the two-step process remained but without a resting step. An

example of the structure produced from this experiment is shown in Figure 7.5b

and this disproves the hypothesis because a good connected tortuous structure

was formed.

A new hypothesis, that the important part of this protocol was not the resting

time but rather the two-step process, was formulated. In order to verify this

hypothesis, two different experiments were performed: one where the components

were subjected to 6 minutes solely of fast mixing and one where the components

were subjected to 6 minutes solely of slow mixing. Figure 7.5c shows the silicone

oil droplet-in-glycerol structure produced for a system that only underwent fast

mixing. This result indicates that in this instance the shear is too high to fabricate

a bicontinuous structure and instead the silicone oil was broken up into small

droplets generating the equilibrium structure. On the other hand, a system that

only underwent slow mixing (shown in Figure 7.5d) displays a fairly bicontinuous

structure that is particle-stabilised but also contains large silicone oil droplets.

Contrary to the above hypothesis, this result indicates that it is possible to form
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Figure 7.5 a: Confocal microscopy image of the structure made after only
1 minute of slow mixing. b: Confocal microscopy image of the
structure made without a resting time in the mixing protocol. c:
Confocal microscopy image of the structure made after fast mixing
for 6 minutes. d: Confocal microscopy image of the structure made
after slow mixing for 6 minutes. In all images, the FITC-labelled
particles are coloured yellow, the nile red-labelled glycerol is coloured
magenta and the scale bars are 200 µm.

a tortuous structure from only slow mixing and the mixing time is an important

factor in the structure formed (compare Figures 7.5a and 7.5d). Unfortunately,

it was observed that these samples quickly began to separate out proving more

unstable than bicontinuous structures made by the two-step process. Separation

of one of the fluid domains from the other was evident almost immediately once

the sample was placed on a glass microscope slide. Additionally, a silicone oil layer

became apparent in the system macroscopically after one day. This behaviour is
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similar to the behaviour of samples with inferior structures indicating that the

quality of the structure is in some way the cause of the separation. Significant

differences from the structure shown in Figure 7.1 include larger domains, more

excess particles in the glycerol domain and larger silicone oil droplets present in

the glycerol phase. It could be that the higher shear from the fast mixing breaks-

up and reconnects the domains in smaller pieces and increases the likelihood

of particles becoming trapped on the interface. The lack of small silicone oil

droplets could contribute to the unstable nature of the structures made by only

slow mixing because the density difference between the two phases remains large.

The high shear mixing could then be an important step in creating the small

silicone oil droplets and therefore a stable bicontinuous structure. That two-step

mixing was required to form a stable good quality structure is in contrast to a

second recent method for creating a bijel where simply shaking was enough to

create a bicontinuous structure although no comments on the stability of the

structure were made [29].

The formation of non-equilibrium structures is sensitive to the specifics of the

protocol such as the starting composition and the mixing conditions. Hence

the success rate for forming a non-equilibrium bicontinuous structure is fairly

low. In addition the structure can vary wildly from very good structures with

smaller domains and very small particle-stabilised silicone oil droplets in the

glycerol phase to very loose structures with large domains and large particle-

stabilised silicone oil droplets. The former were observed to be very stable but the

latter were observed to separate out fairly quickly. Therefore, in the subsequent

experiments the rheological properties of the samples were determined directly

after the components were mixed together. This structural variability could lead

to differences in the observed rheological properties and this is worth bearing in

mind for the analysis in the next section.

7.3.2 The Mechanical Properties of the Bijel

Rheo-Imaging Experiments

Rheo-imaging experiments were performed with the bijels fabricated using the

method described in [2] and in Section 7.2.2 in order to determine their mechanical

properties. In a rotational shear experiment from 0.1 s-1 to 100 s-1 using a cone-

plate geometry it was observed that the viscosity decreased with increasing shear
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Figure 7.6 a: A graph showing the changes in the viscosity with shear rate for
a bijel sample where the second pass is performed directly after the
first. b: A three second series of confocal microscopy images of the
sample at 0.13 s-1. c: A two second series of confocal microscopy
images of the sample at 1.59 s-1. d: A three second series of confocal
microscopy images of the sample at 39.81 s-1. In all images only the
FITC-labelled particles are shown and the scale bars are 200 µm.

rate indicating that the bijel made by mixing displays shear thinning behaviour

(see Figure 7.6a). At high shear rates the viscosity tends to approximately 1
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Figure 7.7 A graph showing the changes in the storage modulus (G′ closed
symbols) and the loss modulus (G′′ open symbols) with angular
frequency at 0.1% strain for three bijel samples made using the same
protocol and with very similar compositions of liquids and CTAB.

Pa s, which is between the measured viscosity of the silicone oil mix (1.28 ±
0.01 Pa s) and glycerol (0.64 ± 0.02 Pa s). In addition, it was observed that

under rotational shear the structure rapidly began to break apart. First the bijel

was broken up into particle-stabilised structures that moved independently in a

continuous medium and then into large fully separated domains of glycerol and

silicone oil at high shear rates (see Figures 7.6b, 7.6c and 7.6d). This result

aligns with a previous observation that additional fast mixing of the bijel led

to complete destruction of the structure [2]. The second shear experiment was

performed on the same sample directly after the first experiment and with the

same parameters from 0.1 s-1 to 100 s-1. Given that the structure is destroyed, it

is unsurprising that the second pass did not start at the same high value of the

viscosity as the first shear experiment (see Figure 7.6). The viscosity similarly

decreases with increasing shear stress for the second shear experiment but at a

slower rate until it joins the data from the first shear experiment. However, it

still needs to be considered that the large structures could be connected to both

the top and bottom plate in this geometry because the plate separation is small.
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After this, frequency sweeps and amplitude sweeps were performed in combination

with confocal microscopy with a parallel plate geometry at a 1 mm plate

separation in order to ensure that the plate separation was large enough to contain

several domains. Figure 7.7 shows frequency sweeps for three samples at 0.1%

strain, which is in the linear viscoelastic region (see Figure 7.8). At low frequency,

the storage modulus is much higher than the loss modulus in all three cases

indicating a solid-like sample. With increasing frequency both moduli increase

indicating that the sample becomes stiffer and during this increase the moduli

also become closer in value. In some cases the two moduli do not cross and after

they approximately meet the storage modulus starts to increase more rapidly

than the loss modulus. In other cases the two moduli do cross but at higher

frequency they cross again and thus the storage modulus remains higher than the

loss modulus at all but a few intermediate frequencies. From the confocal images,

these curves all appear to have bicontinuous structures associated with them but

clearly there are differences between them. These discrepancies between samples

in the frequency sweeps could be due to small differences between the structures

or it could be due to the loading process. The former is highly likely because

the structure is not perfectly reproducible and it is non-equilibrium meaning that

the details of the initial composition and the mixing conditions are crucial to the

resulting structure. The latter could cause these discrepancies because scooping

with a spatula may destroy some connectivity in the structure and the amount

of this could easily vary between samples. For future experiments it would be

better to load the sample by pouring it onto the plate although this would take

some time.

Similarly shaped curves of the storage and loss moduli were observed for frequency

sweeps of co-continuous polymer blends stabilised by graphene particles. This

behaviour, particularly a plateau at low frequencies, was ascribed to a three

dimensional network of graphene particles at the interface leading to gel-like

behaviour [160]. From Figure 7.7 it is difficult to conclusively determine whether

a plateau at low frequencies was present, particularly since the lowest frequency

in [160] was an order of magnitude lower than that used here. However, similar

rheological behaviour with increasing frequency was also observed for a bijel made

from styrene trimer and low molecular weight polybutene stabilised by silica

nanoparticles, a co-continuous polymer blend stabilised by silica nanoparticles

and a ternary blend of two polymers with a bicontinuous structure where one

polymer is packed with silica particles [143, 158, 159]. Therefore, it is possible that

this frequency behaviour may be observed for all types of bicontinuous structure
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Figure 7.8 Graphs showing the changes in the storage modulus (G′ closed
symbols) and the loss modulus (G′′ open symbols) for bijel samples
at different angular frequencies with a: strain and b: shear stress.
The arrows indicate the two yielding steps for the 0.1 rad/s graph.

although it is worth noting that many of the investigations discussed here were

performed by the same group.

Directly after the frequency sweeps were performed an amplitude sweep from

0.01% – 1000% strain was performed at one of five different angular frequencies.
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The results of these frequency sweeps are shown in Figure 7.8 where the storage

and loss moduli are plotted against both strain (Figure 7.8a) and shear stress

(Figure 7.8b). Initially for all angular frequencies, the linear viscoelastic region

is observed where the storage modulus and the loss modulus run parallel to

each other with the storage modulus higher than the loss modulus. This result

indicates that the bijel made by direct mixing can be described as a gel because the

storage modulus is higher than the loss modulus indicating solid-like behaviour

at low strain and also low stress. As observed in the frequency sweeps, with

increasing angular frequency both the storage modulus and the loss modulus

increase in value and become closer together. This trend is not always followed

for these bijels but this could be attributed to the structural differences between

samples. Towards the end of the amplitude sweeps, the bijels were subjected to

very high strain and therefore destruction of the structure is expected to have

occurred by this point. In addition, in the high strain region the values of the

moduli produced should not be interpreted.

These moduli versus strain curves and moduli versus stress curves indicate that

the bijel exhibits two-step yielding because one gradient was obtained directly

after the linear viscoelastic region and a second steeper gradient was observed at

higher strain and stress. The second step is sometimes observed as a shoulder

in the storage modulus. This result indicates that there are two distinct changes

in the system that cause the samples to flow. Two-step yielding behaviour

has been observed in a variety of other systems including attractive colloidal

particles forming glasses or gels [170, 172], suspensions of microgels forming

space-spanning networks [173], mixed suspensions containing colloidal particles

and microgels [174], pastes containing both particles and surfactants [169, 175],

colloidal particles at the air-water interface [171] and emulsions stabilised by

different types of particles or proteins [46, 176]. For some of these systems it was

noted that the second yielding process occurred before the storage modulus and

loss modulus cross indicating that both of these yielding processes were required

before fluid-like behaviour was observed [170, 172]. In this chapter the second

yielding step occurred after the cross over point for the storage modulus and loss

modulus (see Figure 7.8). This result indicates that the second yielding step is

not necessary for the sample to flow.

In addition, the stress value at which secondary yielding occurred was observed

to increase with increasing frequency however the strain value at which secondary

yielding occurred was found to decrease with increasing frequency (see Figures
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Figure 7.9 a: A graph showing the changes in the strain at the second yield point
with the angular frequency. b: A graph showing the changes in the
shear stress at the second yield point with the angular frequency. c:
A graph showing the changes in the product of the angular frequency
and the strain at the second yield point with the angular frequency.

7.8 and 7.9). Therefore, with faster oscillations the sample has to be distorted

less in order to break. Indeed, this frequency dependence on the stress and the

strain of the second yield step has been observed for pastes containing surfactants

and particles that form a space-spanning network [169, 175]. If the product of

the frequency and the strain at the second yielding point remains constant, shear

thickening can be said to occur. In this instance the product of the frequency

and the strain at the second yielding point increases with increasing frequency

(see Figure 7.9c). This result is again similar to the results observed in [175].

The presence of the second yield step could still be a consequence of slip at the

plates or shear banding for this particular system. In order to verify that it is

not the case the same experiments could be performed where the macroscopic

behaviour of the sample on the rheometer could be observed and recorded at

high strain. In addition, confocal microscopy imaging, which was performed

at the same time as the amplitude sweeps, can be used to determine if the same

changes in structure occur for every sample at both yielding steps. Shear banding

is where at different heights within the sample the sample experiences shearing

at different rates. Shear banding could be particularly apparent here because the

top and the bottom plate do not have the same surface. Indeed, when plotting the

moduli against shear stress for the amplitude sweep performed using the lowest

frequency oscillations, it is possible to observe a region where one shear stress

produces multiple values of G′ and G′′, which is a hallmark of shear banding (see

Figure 7.8b). That shear banding is only present for low frequencies makes sense

since such changes in shear rate would be more easily recordable. It is of course

difficult to interpret this data outside of the linear viscoelastic regime because

the values G′ and G′′ have no real meaning here.
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As mentioned above, a variety of different systems have been observed to display

two-step yielding behaviour with the processes occurring at each step dependent

on the system itself [46, 169–176]. One unifying feature is that all of these systems

contain structures at two distinct length scales and in some cases the smaller

structures were formed during the experiments from the larger structure [169].

In the bijel these two structures could be the bicontinuous structure of the liquid

domains and broken up domains of glycerol or silicone oil. The two-step yielding

behaviour of nanoemulsions stabilised by lentil protein isolate could be similar

to that of the bijel because both systems contain a structured liquid component

that is stabilised by much smaller constituents [176]. In this instance the first

step was attributed to the bonds between interconnected aggregates of droplets

being broken and the second yielding step was attributed to the individual

aggregates breaking up into individual droplets [176]. A similar mechanism could

be envisaged here where the bicontinuity is broken in the first step and the large

non-equilibrium domains created in the first step are broken up into silicone oil

or glycerol phases in the second step. This behaviour is similar to the behaviour

observed for the bijel sample in a rotational shear experiment (see Figure 7.6).

The differences between the two yielding steps were probed by recording confocal

microscopy images of the samples whilst the amplitude sweeps were undertaken.

Example confocal microscopy images of the sample in the three different

regions are shown in Figure 7.10 at different points in the oscillation with the

corresponding amplitude sweep performed at a frequency of 0.1 rad/s. In the

linear viscoelastic region, no movement of the structure was observed except for

the sedimentation or creaming of isolated droplets (see Figure 7.10b). After the

first yielding step, the structure was observed to oscillate in three dimensions but

the connections between domains remained the same (see Figure 7.10c). After

the second yielding step, the structure appears to have been broken apart and

individual large and generally not tortuous domains oscillate across the viewing

window in three dimensions (see Figure 7.10d). This result indicates that upon

departure from the linear viscoelastic region the structure first begins to move

in a non-uniform way with the interface stretching and contracting although

the connections between domains are maintained. At the second yielding step

the connections between domains are broken up permitting the uniform flow of

isolated glycerol or silicone oil domains within the other phase.

The observed structural changes in the two-step behaviour appear to be in

contrast to the method of two-step yielding observed for many other systems

191



0.01 0.1 1 10 100
0.1

1

10

100

1000

Storage Modulus
Loss Modulus

G
', 

G
'' 

(P
a

)

Shear Stress (Pa)

a

b

c

d

b

c

d

225 s 240 s 255 s

4673 s 4686 s 4700 s

5727 s 5740 s 5755 s

Figure 7.10 a: A graph showing the changes in the storage modulus (G′) and the
loss modulus (G′′) with shear stress for a bijel sample undergoing
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including that for emulsions stabilised by lentil protein isolate [169, 172, 176].

Instead for the bijel the two relevant length scales could be the particles on

the interface and the liquid structure. In this instance in the first yielding step

the particles stabilising the interface could start to move around creating a fluid

interface that can be deformed. The second step could then occur when the liquid

structure is deformed too far and thus the structure breaks. For a surfactant and

particle paste, that the stress at the second yielding point and the product of

the frequency and the strain at the second yielding point both increased with

increasing frequency was attributed to higher frequencies inducing larger cluster

formation once the network was broken which then require larger stresses to

break them apart again [175]. Although the same trends are observed in this

instance (see Figure 7.9), the same reasoning cannot be applied because the

liquid structure was only observed to be broken at the second yielding step.

Instead, the formation of large particle clusters at the interface could occur at

higher frequencies meaning that the interface becomes less fluid with increasing

frequency and therefore larger stress is required to break up the structure.

Another interesting comparison for the bijel is with the biliquid foam, which has

a foam-like structure with large deformed droplets of one liquid and between the

droplets small regions of the continuous liquid. For the bijel the final result after

secondary yielding is similar to that of the biliquid foam where the structure is

completely destroyed but the first yielding step remains reversible unlike that

for the biliquid foam [46]. This non-destructive first yielding step could be

a consequence of the deformable and flexible liquid interface in this particular

bijel. As mentioned above, the cross over of the storage modulus and the loss

modulus, indicating a transition from solid-like to liquid-like behaviour, occurs

before the second yielding step and thus before the structure is destroyed. This

result indicates that it may be possible for the sample to flow without causing

large-scale structural reorganisations which would be beneficial in applications

where both the tortuous structure and the ability to flow are important.

Squeeze Flow Experiments

In addition to the rheo-imaging experiments, squeeze flow experiments were

performed at ESPCI in Paris on both bijels and droplet emulsions that had

the same composition as the bijels but were made using a different mixing

protocol. These experiments were performed in order to obtain a more rounded

understanding of the behaviour of these bijels under different types of shear
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Figure 7.11 A graph showing the changes in the storage modulus (G′) and the
loss modulus (G′′) with angular frequency at 0.1% strain before and
after squeezing for a: a bijel sample and b: a droplet sample.

and compare the bijels to similar droplet emulsions. Additionally, during the

processing or use of a soft solid material, the material can experience flow similar

to that induced by the squeezing experiments [177]. The experiments performed

involved first a frequency sweep from 100 rad/s to 0.1 rad/s at 0.1% strain at a

1 mm plate separation. This experiment was followed by squeezing experiments

from a 1 mm plate separation to a 0.25 mm plate separation at a variety of

velocities. Finally, a second frequency sweep from 100 rad/s to 0.1 rad/s at the

new plate separation of 0.25 mm was performed. Before and after the squeezing

experiments confocal microscopy images were taken of the sample in order to

ascertain the structure and to determine whether it changed during squeezing.

Figure 7.11 shows the frequency sweeps performed at 0.1% strain before and

after the squeezing experiment for a bijel sample (Figure 7.11a) and a droplet

sample (Figure 7.11b). First the frequency sweep performed for the bijel sample

can be compared to the frequency sweep performed previously (see Figure 7.7).

For both experiments the storage modulus is higher than the loss modulus at

low frequencies indicating solid-like behaviour and both moduli increase with

increasing frequency. In the second set of frequency sweep experiments (Figure

7.11a) the storage modulus and the loss modulus were observed to cross at high

frequency for all the bijel samples whereas for the initial experiments (Figure 7.7)

this only happened in some cases and a second cross over of the moduli was also

observed. The values of the moduli are approximately the same at low angular

frequency for the sample in Figure 7.11a and sample 23.1 in Figure 7.7. Despite

this, the moduli do not increase as rapidly with increasing frequency in the second

set of frequency sweeps (Figure 7.11a) as was observed in the initial frequency

sweeps (Figure 7.7). This difference could be due to a variety of reasons with the
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Figure 7.12 a: Confocal microscopy images taken of a bijel sample before and
after the squeezing experiment where the FITC-labelled particles
are coloured yellow. b: Confocal microscopy images taken of a
droplet sample before and after the squeezing experiment where the
FITC-labelled particles are coloured yellow.

most likely being that the particles were less well dispersed because the dispersion

method remained the same even though for the samples used in the second set

of frequency sweeps (Figure 7.11a) the particles were dispersed in a much larger

volume of liquid (see Section 7.2.2).

Next the frequency sweeps for the droplet samples can be compared to those for

the bijel samples (compare Figures 7.11a and 7.11b). For the droplet samples,

both moduli have significantly higher values than the moduli for the bijel samples

and the difference between the two moduli is also larger for the droplets than

for the bijel samples. Similar to the bijel samples, the storage modulus was
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observed to be higher than the loss modulus for droplet samples indicating solid-

like behaviour but for droplets this remains the case for the whole range of

frequencies examined (see Figure 7.11b). The larger values of the moduli for

the droplet emulsions indicate that the droplet structure is more solid-like than

the bijel. This result is somewhat surprising because it would be expected that

the interconnected bijel structure would be more resistant to flow than droplets

in a continuous medium which should be able to move through the continuous

phase. This observation can be explained by the following, first the droplets are

very small (approximately 1 - 2 µm in radius) particularly compared to the bijel

(domains approximately 100 - 200 µm) and the value of the elastic modulus for

particle-stabilised emulsions has been found to be scale with 1/R where R is the

interface separation [23, 39]. Figure 7.12 shows example images of the structures

and illustrates that, in addition to the size discrepancy, the droplets appear to be

clustered together which could also be increasing the storage modulus. Indeed,

it is possible that the particles have formed a network in the continuous phase,

clustering the droplets together and significantly increasing both the storage and

loss moduli. This phenomenon has been observed for various solid-stabilised

emulsion systems [44, 113].

Finally comparisons can be made between the frequency sweeps made before

squeezing and after squeezing (see Figure 7.11). For the bijel samples, the

frequency sweeps before and after squeezing appear to be fairly similar (see Figure

7.11a). This result could indicate that the squeezing experiment does not affect

the structure of the bijel. That the structure of the bijel is unaffected by squeezing

is contradicted in the images where the structure after the experiment appears

to be destroyed (see Figure 7.12a). This destruction could instead be caused

by raising the geometry after squeezing and the subsequent transferral of the

sample onto a microscope slide. Of course, it could also be because the initial

bijel structure was not that good and therefore the second image simply shows

a different part of the same structure. That the structures were inferior for the

squeezing experiments could be due to the slight differences in the the protocol

namely that the particles were not as well dispersed. In contrast, the moduli in the

frequency sweep for the droplets after squeezing appear to be significantly higher

than those in the frequency sweep before squeezing (see Figure 7.11b). This result

would indicate that something changes during squeezing and from the images it

can be observed that coalescence of the droplets has occurred (see Figure 7.12b).

The resulting droplets are not perfectly spherical indicating that they must have

jammed particle-stabilised interfaces. The coalescence of droplets could increase
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Figure 7.13 Graphs showing the changes in the normal force with plate
separation for a variety of squeezing velocities for a: bijel samples
and b: droplet samples.

the storage modulus and the loss modulus creating a more solid-like sample if the

interfaces were not initially jammed and upon coalescence they became jammed

due to the decrease in the area of the interface. It is also possible that the

coalesced droplets form a biliquid foam type structure as was also observed in

the centrifugal compression of emulsions [15]. The formation of a biliquid foam

would also increase the moduli due to the presence of a more immobile particle

network.

Figure 7.13 shows the normal force measured during the squeezing experiments at

constant velocity against the plate separation for bijel samples (Figure 7.13a) and

droplet samples (Figure 7.13b). For both bijel and droplet samples the normal

force increases as the distance between the two plates decreases indicating that the

force required to maintain the constant velocity increases as the plate separation

gets smaller. For the bijel samples squeezing at higher velocities produces a larger

increase in the normal force at small plate separations. This trend is also observed

for the droplet samples except for the sample squeezed at 100 µm/s which has

normal force values lower than the sample squeezed at 50 µm/s for nearly all

plate separations. Despite this, the increase in the normal force at small gaps

remains larger for the sample squeezed at 100 µm/s. The bijel curves show a

fairly smooth increase in the normal force whereas at small gaps the droplet

curves display fluctuations in the normal force values. These fluctuations could

be due to the jamming of droplets, the coalescence of droplets, which was clearly

observed in the confocal microscopy images, or due to a new structure forming

that has jammed interfaces (see Figure 7.12). In addition, the normal force

values for bijel samples are lower than those for droplet samples squeezed at the

corresponding velocity. This result would indicate that the droplet samples are
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Figure 7.14 A diagram showing the squeezing flow of a Herschel-Bulkley fluid
with the unsheared and sheared regions marked. Adapted from [18].

more solid-like than the bijel samples as also observed in the frequency sweeps

(see Figure 7.11). This surprising behaviour has been explained above by the

clustering of droplets due to the presence of a particle network in the continuous

phase that could be significantly increasing the strength of the sample.

It has been demonstrated in several instances that the bijel exhibits some form of

yield stress [1, 17, 25] and in this chapter the bijel has been observed to display

shear thinning behaviour (see Figure 7.6). The droplet samples also appeared

to display a yield stress because they did not immediately flow when the vial

containing the sample was tipped. Therefore, in the squeezing flow experiments

both the bijel samples and the droplet samples will be modelled as Herschel-

Bulkley fluids that have the stress-shear rate relation

σ = σ0 +Kε̇n (7.1)

where σ is the shear stress, σ0 is the yield stress, K is the coefficient, n is the

exponent and ε̇ is the shear rate. A schematic diagram showing the squeezing flow

of a Herschel-Bulkley fluid is given in Figure 7.14. The force required to squeeze

a Herschel-Bulkley fluid at constant velocity has been calculated for constant

area experiments where the volume of material decreases as the plate separation

decreases [18, 178]. The resulting force equation was found by combining the
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method of Covey and Stanmore [18] with that of Adams et al. [178, 179]. This

method starts with a Navier-Stokes equation of motion for an incompressible

fluid. The contribution to the fluid flow by gravity is neglected and cylindrical

coordinates are used because the physical sample is cylindrical in shape. It is

assumed that there is no slip between the sample and the squeezing plates and

therefore the velocity of the sample is zero at the plate boundary. It is also

assumed that the flow profile is symmetrical around the point midway between

the two plates [18]. These assumptions lead to an equation for the shear stress

σrz in the z direction at a fixed radius r given by

σrz = −∂P
∂r

(
h

2
− z
)

(7.2)

whereh is the plate separation and P (r) is the local pressure [18]. By rearranging

Equation 7.2 the z value at the boundary between the yielded and unyielded

regions in the sample can be calculated (zy) (see Figure 7.14). In this instance

yielding has occurred in the sample when zy is larger than z but in the regions

where this is not the case the sample is stationary or moves as a unit. For the

former case the velocity gradient can be calculated by combining Equations 7.1

and 7.2 to be

∂vr
∂z

=

[
α

K

(
h

2
− z
)
− σ0

K

] 1
n

(7.3)

where vr is the velocity and α = −∂P
∂r

. The velocity can then be calculated by

integrating Equation 7.3 to get

vr(z) =
n

n+ 1

K

α

[(
α

K

h

2
− σ0

K

)n+1
n

−
(
α

K

(
h

2
− z
)
− σ0

K

)n+1
n
]

(7.4)

with the boundary conditions of no slip meaning that vr(z) = 0 when z = 0. In

the unyielded region the velocity is constant and given by vr(zy). To equate this

to the squeezing velocity, the decrease in the volume of the sample can be given

by the decrease in the height of the sample multiplied by the cross-sectional area

because the latter remains unchanged. This can then be equated to the flow rate
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of material out from between the plates. This is given by

πr2(−ḣ) = 2πr

∫ h

0

vr(z) dz (7.5)

where ḣ is the velocity of the moving top plate and can be rewritten as

r(−ḣ)

4
=

∫ h
2

0

vr(z) dz (7.6)

since the flow regions are symmetric in the z direction around the line z = h
2
.

Given that the yielded and unyielded regions have different velocities determined

by the value of z this can be rewritten again as

r(−ḣ)

4
=

∫ zy

0

vr(z) dz +

∫ h
2

zy

vr(zy) dz (7.7)

where the first integral corresponds to the velocity of the yielded region and the

second to the velocity of the unyielded region. Equation 7.7 can be solved to give

n+ 1

n

r

R
SX2 − n+ 1

2n+ 1
(−X − 1)

2n+1
n − (−X − 1)

n+1
n = 0 (7.8)

where

X =
h

2σ0

(−α)

S =
R(−ḣ)K

1
n

h2σ
1
n
0

and R is the radius of the plates [18]. This can be approximated for values of X

much larger than one to be

X ≈ −1−
(

2n+ 1

n

)n(
rS

R

)n
(7.9)

[178]. Therefore,

−α =
∂P

∂r
= −2σ0

h
− 2σ0

h

(
2n+ 1

n

)n(
rS

R

)n
(7.10)
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and this can be integrated with respect to r to give

P (r) =
2σ0

h

(
R− r

)
+

2σ0

h

(
2n+ 1

n

)n(
S

R

)n
Rn+1 − rn+1

n+ 1
(7.11)

because the boundary conditions indicate that P (R) = 0. The force required to

maintain a constant velocity can then be calculated using

F =

∫ R

0

2πrP (r) dr (7.12)

and this was found to be

F =
2σ0πR

3

3h
+

2πKRn+3

(n+ 3)

(
2n+ 1

n

)n
(−ḣ)n

h2n+5
(7.13)

[179]. These experiments deal with the measured normal force and therefore the

positive value of the squeezing velocity can be used to calculate this.

The experiments performed here, however, used the fixed volume approach

whereby the area being squeezed increases as the plate separation decreases. This

method was chosen because the stresses at the plate edge are more easily defined

and the squeezing is not affected by excess material at the edges of the plate

[180]. The force equation can be easily modified from fixed area to fixed volume

using the relation

R = R0

√
h0

h

where R is the radius of the circular area being squeezed, R0 is the initial radius

of the circular area before squeezing, h is the plate separation and h0 is the initial

plate separation [181]. The normal force measured when squeezing a Herschel-

Bulkley fluid at constant velocity in constant volume experiments is then given

by

F =
2σ0V

3/2

3h5/2π1/2
+

2KV (n+3)/2

(n+ 3)π(n+1)/2

(
2n+ 1

n

)n
ḣn

h(5n+5)/2
(7.14)

where V = πR2
0h0 is the fixed volume of the sample. This equation assumes that

there is no slip of the sample at the plates.

201



a b

0.1 1

0.01

0.1

1

10
Data 10 µm/s
Fit 10 µm/s

N
or

m
al

 F
or

ce
 (

N
)

Plate Separation (mm)

0.1 1
0.1

1

10

Data 10 µm/s
Fit 10 µm/s

N
or

m
al

 F
or

ce
 (

N
)

Plate Separation (mm)

Figure 7.15 Graphs showing the changes in the normal force with plate
separation for the data taken at a squeezing velocity of 10 µm/s
and the corresponding fits with the parameters given in Table 7.1
for a: a bijel sample and b: a droplet sample.

Equation 7.14 can be used to fit the experimental normal force values against the

plate separation for all six different squeezing velocities. These fits were performed

only on the data after the step in the curve from the onset of squeezing and up to

the point where an obvious knee appears because the physics of the sample is not

understood at the onset of squeezing and at small plate separations it is possible

that there was flow induced structural deformation, some form of jamming or

some sample escaping from the confines of the plate meaning that the data is

no longer meaningful [180]. The fitting data for one example curve (squeezing

velocity 10 µm/s) for both the bijel and droplet samples is shown in Figure 7.15.

Visually the fits appear to be fairly consistent with the data but upon looking at

the resulting parameters in Table 7.1 for each squeezing velocity it is apparent

that they are not consistent with each other. This inconsistency could be due to

some sample to sample variability.

In this fitting process the values of K, σ0 and n can be found and the values of

these parameters are given in Table 7.1. It is worth noting that the fit values

for the curve at the squeezing velocity of 5 µm/s for the droplet sample were

not included in the mean parameter values because the values appear to be

anomalous. The fits gave a mean yield stress of 1.6 Pa for the bijel samples and a

mean yield stress of 46.6 Pa for the droplet samples although both of these values

have fairly large errors associated with them (see Table 7.1). Indeed, the error

associated with the bijel yield stress is larger than the value of the yield stress

itself indicating that the yield stress may be non-existent. These discrepancies

could be due to sample variability particularly because worse structures are more

likely to separate and, if this were the case, no yield stress would be observed.
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Table 7.1 A table showing the values of the parameters σ0, K and n obtained
from fitting the squeezing data using Equation 7.14.

σ0 K n

Bijel 5 µm/s 0 2.70 0.24

Bijel 10 µm/s 1.26 1.26 0.63

Bijel 20 µm/s 4.46 1.39 0.51

Bijel 50 µm/s 0 5.05 0.28

Bijel 100 µm/s 3.82 2.38 0.58

Bijel 250 µm/s 0 7.99 0.44

Mean 1.59 3.46 0.45

Standard Deviation 1.88 2.38 0.15

Droplets 5 µm/s 192.3 -157.4 0.031

Droplets 10 µm/s 23.29 0.001 4.463

Droplets 20 µm/s 30.01 0.020 2.808

Droplets 50 µm/s 61.54 0.008 2.164

Droplets 100 µm/s 40.47 0.110 1.258

Droplets 250 µm/s 77.83 0.215 1.145

Mean 46.63 0.071 2.368

Standard Deviation 20.27 0.082 1.212

Compression appears to give a different mode of yielding to oscillatory shear and

this difference could be important to consider for applications (compare with

Figure 7.8). That the yield stress is larger for the droplet samples than the bijel

samples ties in with the larger values obtained for the storage modulus and the

loss modulus in the frequency sweeps for the droplet samples compared to the

bijel samples. As mentioned above, the larger yield stress could indicate that

the droplets are in fact connected together perhaps by a space-spanning particle

network in the continuous phase which has been previously observed to increase

the moduli and the yield stress of emulsions [44, 113].

The exponent n for the bijel sample was found to be 0.4 and the exponent for

the droplet sample was found to be 2.4. The droplet samples can therefore be

described as shear thickening because the exponent is greater than one indicating
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that as the shear rate increases the increase in the shear stress also increases. This

behaviour would tie in with the higher moduli values observed in the frequency

sweep after the squeezing experiment compared to those before the squeezing

experiment and could be due to the coalescence of droplets and the subsequent

formation of jammed particle-stabilised interfaces. It is also worth considering

that modelling the droplets as a Herschel-Bulkley fluid may be incorrect and in

addition the assumption that X is much greater than one could be invalid in

this instance. The bijel sample can be described as shear thinning because the

exponent is less than one indicating that as the shear rate increases the increase in

the shear stress decreases. This result is in agreement with experiments described

earlier in this chapter that also found that the bijel made by mixing displayed

shear thinning behaviour (see Figure 7.6a).

In order to create flow curves the shear rate and the shear stress at the edge of

the sample must be determined. The equation for the shear rate at the edge of

the sample is

ε̇ =

(
2n+ 1

21/nn

)(
V 1/2ḣ

π1/2h5/2

)
(7.15)

which is the same as that for a power law fluid (given in [144]) because for a

Herschel-Bulkley fluid once it yields it flows with the same behaviour as a power

law fluid. This equation can be calculated by setting ε̇ = ∂vr
∂z

at r = R where

R is the maximum radius of the sample. The shear stress can then easily be

calculated by putting Equation 7.15 into Equation 7.1 and then using Equation

7.14 to rewrite it in terms of the normal force. This gives

σ =

(
3− n

6

)
σ0 +

(
n+ 3

4

)(
π1/2h5/2F

V 3/2

)
(7.16)

which is the same as the shear stress equation for a power law fluid but with

an additional yield stress term (compare with Equation 3 in [144]). Once the

values of the shear rate and the shear stress have been found, flow curves of shear

stress versus shear rate can be created. These are shown in Figure 7.16 and as

mentioned above will only be analysed in the region between the step at the onset

of squeezing at low shear rates and the knee in the curve at high shear rates.

Figure 7.16 demonstrates that for both the bijel samples and the droplet samples

there is some variability between the samples squeezed at different velocities
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Figure 7.16 Graphs showing the changes in the shear stress with shear rate
at various squeezing velocities for a: bijel samples and b: droplet
samples.

because the curves do not lie exactly on top of each other. This behaviour is

particularly evident in the droplet samples because these samples do not even all

follow the trend of increasing stress values with increasing velocity (see Figure

7.16b). In addition, the droplet curves display an initial decrease in the shear

stress with increasing shear rate indicating a negative dynamic viscosity (σ = ηε̇)

which is unphysical. For all the samples except the one squeezed at 5 µm/s, the

shear stress starts to increase slightly with increasing shear rate after the initial

decrease. Therefore, for all samples except the sample squeezed at 5 µm/s, this

decrease could simply be a normal signature of the start up of flow [182]. This

behaviour makes the flow curves for the droplet samples difficult to interpret and

could be a consequence of the droplets coalescing during squeezing (see Figure

7.12). The discrepancies between samples can be attributed to slightly different

initial droplet sizes, different starting storage moduli and different yield stresses

for the different samples even though they are all modelled with the same one.

Indeed, Table 7.1 shows that the fitted values for the yield stress vary between 20

Pa and 80 Pa. In addition, the yield stress could be changing during the squeezing

experiment due to the coalescence of the droplets further complicating the data.

Therefore, the results from fitting this data cannot be reliably interpreted.

The bijel data in Figure 7.16a shows a better agreement between the samples

squeezed at different velocities compared to those from the droplet data (compare

with Figure 7.16b). The curves also have a familiar shape with a possible very

short plateau at the yield stress value before the shear stress increases with the

shear rate. The plateau value, which indicates the yield stress, is approximately

2 Pa, which is similar to the yield stress of 1.6 Pa found by fitting the data (see

Table 7.1 and Figure 7.15). Despite this, half of the fits indicated that there
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was no yield stress meaning that the plateau could simply be part of the step

from the onset of squeezing. Figure 7.16a also shows that the increase in the

shear stress with shear rate appears linear in the log-log plot indicating that

the gradient of the curve will give the exponent in the Herschel-Bulkley fluid

equation. The data between the minimum stress after the initial stress overshoot

up to the maximum in the stress at the knee in the curve was fitted using the

Herschel-Bulkley equation (see Equation 7.1) in order to determine the exponent.

The mean values of the fitting parameters for the raw data fit and the flow curve

fit were all fairly similar in value and within error of each other indicating that

the model is at least self-consistent. In addition, the fits of the squeezing data

that gave a zero yield stress from the raw data fits also returned a zero yield

stress in the fits of the flow curves indicating that this may be related to specific

samples.

It is worth bearing in mind that this analysis used a model that is based on

Herschel-Bulkley flow but the flow behaviour of the material was not known.

Despite this, Herschel-Bulkley flow seems to be a reasonable estimate because of

the shear thinning behaviour of the bijel and the existence of a yield stress. The

self-consistency of the model also indicates that the choice of Herschel-Bulkley

flow was appropriate. In addition, the model used here assumes no slip at the

plate boundary but it is possible that some slip occurred even if not over the entire

plate meaning that the data cannot be too heavily relied upon [177, 180]. Finally,

if the sample was not loaded onto the rheometer centrally, the flow behaviour close

to the end of the experiment could be compromised by material escaping from

the confines of the plate. A further possible complication is the irreproducibility

of the protocol for forming bijels and the sometimes dubious structures produced

both of which could influence the data. Therefore, further work on creating better

bijels by this method would be necessary before more rheological measurements

can be undertaken.

Comparisons Between Rheo-Imaging and Squeeze Flow Experiments

The data obtained from the rheo-imaging experiments and the data from the

squeeze flow experiments can be compared. First, the possible value of the yield

stress from fitting the squeeze flow data can be compared to the possible values of

the yield stress from the amplitude sweeps in the oscillatory shear experiments.

There are three possible yield stress values for the amplitude sweeps and these are
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at the first yielding step, the point the moduli cross over and the second yielding

step. The first yield stress occurs when the storage modulus (G′) starts to deviate

from the plateau value in the linear viscoelastic regime. In these experiments the

mean value of this yield stress for the amplitude sweeps performed at different

frequencies was found to be approximately 1.3 Pa, which is similar to the yield

stress of 1.6 Pa determined from the fit of the squeeze flow data (see Figure 7.8

and Table 7.1). The next yield stress, which is the value of the stress at the cross

over between the storage modulus and loss modulus, was significantly larger than

the yield stress obtained from the squeeze flow data at approximately 16 Pa. The

final yield stress at the second yielding point was even larger than this and had

a frequency dependence (see Figure 7.9). In comparison, the value of the yield

stress obtained here is two orders of magnitude smaller than that hypothesised

for the original bijel [25] and a further order of magnitude smaller than that

obtained for internal yielding of the bicontinuous microstructure in centrifugal

compression (see Chapter 5). It is also worth noting that macroscopic yielding

of the original bijel by centrifugal compression was always observed even for the

lowest angular acceleration used but the stress experienced by the bijel was still

significantly higher than the yield stress calculated here. This discrepancy could

exist because the particles at the interface of the bijel made by mixing are not

fully jammed due to the presence of surfactants in the system. This would then

make the interface more fluid and thus reduce the yield stress. Another factor

that could cause this discrepancy could be the larger domain sizes of the bijels

made by mixing.

In the amplitude sweeps, the structure of the bijel was not observed to be

destroyed until much higher stresses than those calculated from the squeezing

experiment for low velocity squeezing. Despite this, the bijel structure in the

squeezing experiments was observed to be destroyed for all the different squeezing

velocities (compare Figures 7.10d and 7.12a). In addition, the two-step yielding

present in the amplitude sweeps was not observed in the squeeze flow experiments.

This difference could be explained by the difference in the flow behaviour in

oscillatory shear compared to that in squeeze flow. The transition from linear flow

to non-linear flow occurs very slowly in oscillatory experiments but in squeeze

flow experiments the flow becomes non-linear very quickly meaning that two-

step yielding would not be observed. The destroyed structure in the squeezing

experiments at lower stress values could also be explained by the raising of the

rheometer geometry destroying the structure because confocal microscopy images

could only be taken after this (see Figure 7.10). In addition, some of the structures
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used in the squeezing experiments were inferior to those used in the rheo-imaging

experiments and the poor structure quality could be contributing to the apparent

destruction of the structure.

7.4 Conclusions

The importance of various factors to a new method for making particle-stabilised

bicontinuous structures (bijels) has been investigated here. The method for

fabricating the bijel was developed by others [2] but the experiments presented in

this chapter were only those performed by the candidate. It was found that it is

necessary to combine particles and surfactants in order to fabricate a bicontinuous

structure but that the type of structure formed is not entirely independent of the

initial particle wettability. The two-step mixing protocol was determined to be of

great importance to the final structure and its stability although a resting time

between the two steps was not. The tortuous structure, if properly formed, was

found to be fairly stable with no change in the microstructure over ten days and

no obvious external separation after two months. This stability was hypothesised

to be a result of the presence of small particle-stabilised silicone oil droplets in

the glycerol phase reducing the density mismatch between the two phases. On

the other hand, large silicone oil droplets could lead to the rapid separation of

the two phases.

In order to develop understanding of how the macroscopic properties are linked to

the microstructure, rheo-imaging and squeeze flow experiments were performed

on this bijel. It was found that this particular bijel exhibits two-step yielding

with the images indicating what happens to the structure during this process. At

the first yielding step the structure starts to move in three dimensions and the

particle-stabilised interface is distorted but connections between domains remain

intact. At the second yielding step these connections are broken and the large

domains move independently of each other. Interestingly, the cross over point

of the storage and loss moduli, which signals a change in behaviour from solid-

like to liquid-like, is between these two yielding steps. This result indicates that

is possible for the system to flow whilst the structure remains intact and this

behaviour could be beneficial in applications where high shear is likely to occur

either in processing or use by the consumer but the bicontinuous microstructure

is necessary.
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The results from the squeeze flow experiments indicate that under compression

the bijel made by mixing has no or only a very small yield stress. The yield stress

value calculated was approximately the same as the first yielding point from the

oscillatory shear experiments indicating that this value could be the yield stress

for this particular bijel. Yielding in squeezing compression occurred in only one

step whereas yielding in the oscillatory experiments occurred in two-steps and

this difference can be attributed to the differences in the flow behaviour. In

comparison, in the centrifugal compression of the original bijel the yielding of the

microstructure occurred at significantly larger stress values (see Chapter 5) and

the yield stress hypothesised for the original bijel was also much larger [25]. The

lower yield stress for the bijel made by mixing could be due to the combination

of particles and surfactants at the interface, which means that the particles are

not jammed at the interface and therefore the interface is more fluid-like. Both

the rheo-imaging experiments, including rotational shear and oscillatory shear

experiments, and squeezing flow experiments indicate that the bijel has a yield

stress and displays shear thinning behaviour.

Samples of the same composition as the bijel samples but with a droplet structure

were found to have higher storage and loss moduli and also a higher yield stress

than the bijel. This is hypothesised to be due to the presence of a particle network

in the continuous phase holding droplets together in combination with the large

and somewhat heterogeneous structure of the bijel samples.

7.5 Outlook

This work is clearly only the very beginning of investigations into this new

structure and many useful further experiments can be proposed. Fundamental

understanding of how, why and under what circumstances such a stable, tortuous

structure can be made is still required. As such, a series of systematic experiments

using different shear speeds, times and particle volume fractions would be of

great interest. It is possible that, similar to the original bijel, the particle volume

fraction has some relation to the final domain size of the structure although

higher shear may also be necessary to form smaller domains. In addition to

this, the universality of the particle and surfactant combination method for

altering the wettability of the particles should be thoroughly investigated by

using a variety of particles. These experiments could include those with a range

of particle wettabilities, particles with different charge strengths or signs with
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the appropriate oppositely charged surfactant and particles with a range of sizes

and potentially shapes. In addition, different surfactants could be experimented

with. Particles made of different materials, including those with specific functions,

could also be investigated. For example, various additional properties have been

bestowed upon immiscible polymer blends by the addition of particles at the

interface such as electrical conductance, photo-sensitivity and catalytic behaviour

[51, 101]. Additionally, solid-stabilised emulsions have been utilised to the same

end with photocatalytic nanoparticles [50], magnetic particles [183] or micro-

organisms that can perform biocatalysis at the interface [48], as stabilisers.

Similar to the work of [87] which uses micro-organisms as stabilisers, it may

also be possible to create food-grade bijels with this method. The importance of

the viscosity of the liquids could also be investigated since it has very recently

been reported that bijels can be formed by low viscosity liquids [29].

In addition to the fundamental work on making the bijel, it would be of great

interest to extend the rheo-imaging investigation but only once the structure has

been formed more reliably. This work could include more repeats of the current

experiments in order to deem the data reliable and comparisons of the rheological

properties of the bijel with droplet emulsions made with similar compositions

using oscillatory shear rheology. Additionally, the rheological properties of bijels

made with different particle volume fractions could be compared. Another highly

informative study could involve rheo-imaging experiments on bijels made by

different methods. These experiments could indicate whether the shape of the

frequency curves and the two-step yielding observed here are common among

bicontinuous structures or unique to the bijel made in this chapter.
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Chapter 8

The Growth Behaviour of

Particle-Stabilised Water Droplets

8.1 Introduction

Smart and functional systems and materials that can respond to external stimuli

are of growing interest in a variety of fields due to their potential for use in drug

delivery, biosensors, smart optical systems and smart protective coatings that can

self-heal, self-clean or detect corrosion [184–187]. Some examples of such materials

that have interested the soft matter community include, colloidal particles with

grafted DNA linkers that can reversibly self-assemble into predetermined shapes

[188], soft microgel particles that change shape in response to external stimuli

[189–191], externally-controlled shrinking and swelling of polymer hydrogels [192,

193] and the controllable spontaneous self-assembly of surfactant molecules into

worm-like micelles [185]. More relevant to this work, there have been various

initial investigations into using emulsions for different types of responsive systems.

These experiments include investigating the apparent communication of droplets

in a sequence by internal oscillatory reactions occurring in or out of phase with

each other [194] and investigating the division of particle-stabilised droplets to

create two droplets due to the synthesis of methanol at the interface, which then

diffuses into the droplet creating a larger volume [195]. Furthermore, a variety

of emulsions stabilised by stimuli-responsive particles have been developed that

allow for either the controlled release of active components or the temporary

stability of emulsions for the recovery of the emulsion contents later. Stabilisers
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Figure 8.1 A diagram showing the mechanism for droplet motion due to a solute
partitioning into the droplet from the bath.

have been constructed that respond to pH, temperature, light intensity, magnetic

fields, ionic strength and CO2 concentration [33]. In addition, the motion of

droplets can be induced, controlled and directed [196, 197]. Droplets have been

observed to follow pH gradients and thus find the shortest route through a maze

[196]. It has also been found that the motion of a droplet on a photo-responsive

surface can be controlled by gradients in light intensity that subsequently cause

surface tension gradients [197]. In this chapter the equilibration of a ternary

system of water, toluene and a third liquid component (called a solute in this

chapter) is exploited in order to promote non-equilibrium droplet growth. This

behaviour could be used to create emulsion droplets that respond to changes in

their environment or can transfer material between different droplets.

The equilibration of a ternary system where the starting compositions are a water

phase and a binary toluene and ethanol phase involves the ethanol preferentially

moving from the toluene phase into the pure water phase. A pendant water

droplet in a bath of toluene and ethanol has been observed to dance due to the

Marangoni instability as the ethanol moves into the droplet [37]. In addition,
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Figure 8.2 A series of movie stills showing the behaviour of a water droplet in
a bath of 0.2 vol% fumed silica, 15 vol% ethanol and toluene over
time. a: Ethanol partitions into the droplet. b: There is a toluene
layer depleted in ethanol around the outside of the droplet and a
water layer rich in ethanol around the inside of the droplet. c: The
lower density layer rich in ethanol rises to the top of the droplet
causing some upward growth. d: The droplet sprouts a tube. e: The
tube collapses under its own weight. The scale bar is 2 mm and the
images were at a 4 s, b 13 s, c 37 s, d 153 s and e 241 s.

a sessile droplet of water in a bath of ethanol and toluene was observed to

rapidly move similar to the dancing pendant droplets and the behaviour was also

attributed to ethanol partitioning into the droplet and the Marangoni instability

(see Figure 8.1) [3]. The Marangoni instability is caused by variations in the

concentration of ethanol partitioning into the droplet around the interface leading

to variations in the interfacial tension. The fluctuations in interfacial tension

leads to fluid flow from regions of low interfacial tension to regions of high

interfacial tension. In addition, there is large scale fluid flow within the bath

due to changes in concentration gradients (see Figure 8.1) [3, 37]. The basics

of ternary systems and the Marangoni instability can be found in Section 2.2.2.

The dancing behaviour of a pendant water droplet in a bath of ethanol and

toluene has been shown to be suppressed by interfacial particles [3]. Despite the

suppression of the Marangoni instability, the droplet was still observed to increase

in size indicating that the ethanol can diffuse into the water droplet through the

gaps between the interfacial particles. Taking this observation further, a sessile

water droplet in a bath of toluene, fumed silica particles and ethanol has been

observed to sprout a tube that grows upwards against the gravitational field by

other members of the group [3].

The mechanism driving the sprouting behaviour of a water droplet in a bath

of toluene, fumed silica and ethanol was determined by others in the group [3].

Throughout the droplet growth process, the fumed silica particles adsorb onto

the interface between the water droplet and the bath to reduce the free energy

of the system leading to a particle-stabilised droplet (see Section 2.3). In order

to attain equilibrium compositions on either side of the interface, some of the
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ethanol partitions into the water droplet from the bath (see Figures 8.2a and

8.1). This movement of ethanol is limited by diffusion meaning that initially it is

only close to the interface that the system composition changes to that of the two

equilibrium compositions (see Section 2.2.2 and Figure 8.1). This movement of

ethanol then creates a layer depleted in ethanol around the outside of the droplet

and a layer rich in ethanol lining the inside of the droplet (see Figure 8.2b). The

composition in the bath far away from the droplet remains mostly unchanged

because the mixing of the liquids is limited by diffusion. That far away from

the droplet the liquid composition is unchanged can create fluid flow in the bath

due to the concentration gradients (see Figure 8.1). The density of ethanol is

lower than that of both water and toluene and therefore the ethanol-rich layer

rises to the top of the droplet (see Figure 8.2c and Table 8.1). The rigidity of

the particle stabilised interface is, in part, determined by the interfacial tension

which in turn depends on the local concentration of ethanol. At the top of the

droplet the ethanol concentration is high and this causes the interfacial tension to

decrease and the particle-stabilised interface to soften at the top of the droplet.

This softer interface then allows the ethanol to deform the interface by continuing

to rise upwards and leads to the formation of a tube that becomes stabilised by

particles as it grows (see Figure 8.2d). The tube collapses when it can no longer

support its own weight leading to buckling of the particle-stabilised interface (see

Figure 8.2e). The droplet can and will continue growing after this point but the

growth and the droplet itself are no longer uniform. This sprouting behaviour was

observed at intermediate volume fractions of ethanol for specific volume fractions

of fumed silica particles. It was found that increasing the particle content changes

the behaviour of the droplet from initially only elongating, to sprouting a tube

and then to simply expanding. This change in behaviour was hypothesised to be

due to the increasing rigidity of the interface with increasing particle content [3].

In this chapter first it was verified that the particles were adsorbed to the interface

of the droplet and thus the mechanism of droplet sprouting as determined by

others in the group and detailed above can be based on a particle-stabilised

interface. Next the growth behaviour of the water droplet when different solutes

were used was investigated in order to determine if this behaviour is reproducible

and to identify the physical properties that are important for tube sprouting

behaviour. In order to better understand this behaviour, the interfacial tension

values were measured for equilibrium compositions of the two phases for relevant

volume fractions of solute in toluene. To further investigate the dependence of the

growth behaviour observed on the interfacial tension, the equilibrium composition
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and the rate of partitioning, mixtures of the alcohols methanol, ethanol and 1-

propanol were used. Finally, darkfield images were taken in an attempt to verify

the theory that there is a layer depleted in ethanol around the outside of the

droplet and a layer rich in ethanol around the inside of the droplet because these

would have slightly different refractive indices.

The key result from this chapter is that the behaviour of the macroscopic droplet

is determined by a balance between interfacial tension and the amount of solute

partitioning into the droplet. These two factors both influence the elasticity of

the particle-stabilised interface. The density-induced deformation of the particle-

stabilised interface that occurs during droplet sprouting can be related to the

deformation of the particle-stabilised interface due to the density difference

between the particles and the liquids that occurs in the centrifugal compression of

both sphere-stabilised and rod-stabilised bijels (see Chapter 5 and 6). In addition,

the flexibility of the particle-stabilised interface was found to be important in both

determining whether a macroscopic droplet sprouts a tube and also the magnitude

of the yield stress in a bijel (see Chapter 7). By investigating the factors that

affect the sprouting behaviour, the factors determining the mechanical properties

of the particle-stabilised interface are also detected satisfying the aims of this

thesis.

8.2 Experimental

8.2.1 Materials

Toluene (Analytical Reagent grade) and methanol (Analytical Reagent grade)

were purchased from Fisher, 1-propanol (anhydrous 99.7%) was purchased from

Sigma-Aldrich and acetone (GPR RECTAPUR) and absolute ethanol (AnalaR

NORMAPUR) were purchased from VWR. All chemicals were used as received.

Distilled water was filtered and deionized first with a Fisons Fi-Stream 4 L still

then with a Milli-Q system to a resistivity of 18.2 MΩcm. Fumed silica particles

(HDK H30) were a gift from Wacker-Chemie (Burghausen). The initial particles

are approximately 5 – 30 nm in size but during the pyrogensis process these

particles fuse together creating permanent aggregates of an approximate size of

100 – 1000 nm. Pyrogensis is the process by which fumed silica is made whereby a

starting silicon-based material such as sand is heated to very high temperatures
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within a flame leading to the silicon structures being broken apart and as the

constituents move away from the source of the flame they are reformed as silica.

The HDK H30 particles are hydrophobic silica particles with approximately 50%

silanol groups compared to hydrophilic silica.

8.2.2 Methods

Growth Behaviour

The bath liquid contained the fumed silica particles, toluene and the specified

solute. In this chapter the solute will refer to the third liquid component in the

system that is neither water nor toluene. A 0.2% particle volume fraction of

fumed silica particles was used in these experiments unless otherwise specified

and the required mass of these particles was first measured into a vial. After the

particles were weighed into the vial, 10 mL (8.66 g) of toluene and the relevant

volume of the solutes acetone, ethanol, methanol or 1-propanol to obtain the

required volume fraction of solute. For example, for a solution with 0.2 vol%

silica particles and 15 vol% ethanol in toluene, 0.052 g particles and 1.8 mL (1.42

g) of ethanol was mixed with 10 mL (8.66 g) of toluene. The fumed silica was

dispersed in this solution using an ultrasonic probe (Sonics Vibracell VCX500)

with a tapered tip (tip diameter 3 mm) in a cycle where the mixture is sonicated

for 30 seconds at 20% amplitude then rested for 30 seconds for a total sonication

time of 2 minutes. The amplitude of the ultrasonic probe given here is specific to

diameter of the tip of the probe used but, because there is a direct relationship

between amplitude and intensity, the amplitude setting needs to be the same for

consistent results. The bath liquid was placed in a square cuvette on the Krüss

easy drop pendant drop tensiometer (model 65 FM40Mk2) at a volume of 5 mL.

The Krüss drop shape analysis software (DSA1 v1.92) was used to record a video

directly after a 50 µL droplet of deionised water was injected into the bath using

a Hamilton syringe in order to view the growth behaviour. The behaviour of the

droplet was recorded over a period of approximately 10 minutes unless otherwise

stated. All experiments were performed at room temperature in a temperature

controlled room set to 19◦C.
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Table 8.1 A table showing the different densities and refractive indices of all the
components used. The data was taken from [20].

Component Density /g/mL (at 20◦C) Refractive Index (at 20◦C)

Water 0.998 1.33

Toluene 0.866 1.50

Methanol 0.791 1.33

Ethanol 0.789 1.36

1-Propanol 0.804 1.38

Acetone 0.791 1.36

Retraction Experiments

The bath liquid was made up as described above except that the particle

volume fraction was changed to 0%, 0.1%, 0.2%, 0.3%, 0.4% and 0.5%. The

ethanol volume fraction was 5% in all experiments. These experiments were also

performed on the tensiometer with a square cuvette containing 5 mL of the bath

liquid. A droplet of deionised water was injected into the bath using a supported

Hamilton syringe in order to create a pendant drop (see Figure 8.3 for the set-

up). The droplet was then left to equilibrate for 5 minutes before the liquid was

retracted into the syringe at a rate of 10 µL/min. The behaviour of the droplet

during the liquid retraction was recorded in a video using the drop shape analysis

software (DSA1 v1.92). These experiments were also performed with 0.2 vol%

particles and 25 vol% methanol or 5 vol% 1-propanol or 25 vol% acetone. All

experiments were performed at room temperature in a temperature controlled

room set to 19◦C.

Interfacial Tension

The interfacial tension between two equilibrium phases joined by a tie line was

measured using the pendant droplet method with the set up shown in Figure 8.3.

The drop shape analysis software (DSA1 v1.92) then calculates the interfacial

tension given the shape of the droplet and the densities of the two phases. This

determination is possible because the shape of the pendant droplet is determined

by the competition between gravity and the interfacial tension. Due to having
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Figure 8.3 A diagram showing the Krüss easy drop pendant drop tensiometer
set up for interfacial tension and retraction measurements.

the smallest surface area to volume ratio, a sphere is the favoured shape for a

droplet because this reduces the amount of unfavourable interface compared to

the volume of liquid. Once a droplet is large enough gravity deforms the droplet,

in this case, downwards from the needle tip. The degree of this deformation

along with the densities of the two phases, which determine the buoyancy of the

drop, can then be used to determine the interfacial tension. The calculations also

taken into account the size of the droplet because larger, and therefore heavier,

droplets experience a larger gravitational force and therefore are more deformed

than their smaller counterparts. It is still necessary to produce a droplet with

the characteristic shape before the interfacial tension can be measured and the

shape of droplets that are too small can be affected by the needle. Therefore,

the droplets used to measure the interfacial tension were the largest possible size

that either fits within the image frame or remains attached to the syringe.

Before the interfacial tension could be measured, the equilibrium composition

of both phases first had to be determined. Experimental tie line data from

the literature was used to find a variety of paired equilibrium compositions

[8, 198–200]. It was then necessary to narrow down the data to the equilibrium

compositions that could arise from volume fractions of alcohol in toluene pertinent

to the experiments performed in this chapter. This was achieved by following the

method described by Joos which determines the volume fraction of alcohol in a

binary mixture with toluene from the equilibrium compositions of experimental

tie lines [201]. The equilibrium compositions that could have originated from a

pure water phase and a binary phase of toluene and the given solute at a volume
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fraction between 0% – 30% were the used as the two liquid phases in order

to determine the interfacial tension between them. For ethanol, three different

sources were used in order to find at least three equilibrium compositions in the

relevant range. The experimental tie line data used came from [8, 198, 199] for

ethanol, [199] for methanol and [200] for 1-propanol.

The relevant equilibrium compositions were then made up by combining toluene,

the relevant alcohol and deionised water in the right proportions. The mixtures

were vortex mixed for 20 seconds in order to ensure the solution was homogeneous.

The densities of the water-rich phase and the toluene-rich phase were measured

using a density meter (Anton Paar, DMA 4500). The density of each phase

was measured three times and the mean density used as the input value for

measuring the interfacial tension. Interfacial tension measurements were made

using the pendant drop method on the tensiometer using software to analyse the

drop shape as explained above (see Figure 8.3). The largest possible pendant drop

of the denser water-rich phase was injected into a bath of 5 mL of the toluene-rich

phase by a supported Hamilton syringe. The syringe needle of known diameter

remained in the frame and was used to calculate the magnification of the image.

The drop shape was fitted by the software which then uses the fitted shape to

calculate the interfacial tension. This value was measured every 30 seconds at

room temperature over a period of twenty minutes to check that the interfacial

tension was stable and the system contained no impurities. This experiment was

then repeated 2 – 3 times to confirm the value obtained. The mean of every value

recorded over the these experiments was then taken to be the interfacial tension

and the standard error used for the error bars. All experiments were performed

at room temperature in a temperature controlled room set to 19◦C.

Darkfield Imaging

Darkfield imaging was implemented by putting a circular block over the light

source. Therefore, the only light to reach the sample was travelling at an angle

and therefore it would not reach the camera unless an object scattered the light

(see Figure 8.4). The droplet can scatter the light due to changes in refractive

index between the bath liquid and the droplet. The size of the light block and

the addition of a block over the camera with only a small hole in the centre were

experimented with to find the optimum conditions. A lid for a large 28 mL vial

over the light source with no block over the camera was used in these experiments.
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Figure 8.4 A diagram showing the Krüss easy drop pendant drop tensiometer
set up for darkfield imaging.

In addition, a black sheet was placed over the equipment to keep out the light

from the room. All videos were brightness and contrast adjusted afterwards using

the virtual dub software. The experiments were performed as detailed above with

15 vol% ethanol or 20 vol% solute (1:1 v/v ethanol:methanol) in the bath. All

experiments were performed at room temperature in a temperature controlled

room set to 19◦C.

8.3 Results and Discussion

The mechanism for droplet sprouting behaviour outlined above was determined

by others in the group and reported in [3]. This mechanism relies on the presence

of particles at the interface and to verify that this is indeed the case retraction

experiments were performed. In this experiment, a pendant water drop was

injected into the bath liquid containing ethanol and silica particles and allowed

to equilibrate. The liquid in the water drop was then slowly pulled back into the

syringe. When there were no particles in the bath, the droplet was found to shrink

uniformly with the pendant drop getting smaller and smaller but maintaining its

equilibrium shape (see Figure 8.5a). However, when there were particles in the

bath this was not the case. Initially the drop shrunk in a uniform way but at some

point the drop started to crumple and further uniform shrinking was not observed

(see Figure 8.5b). The behaviour at this point and beyond is attributed to the

jammed particle interface deforming in order to fit the shrinking volume. Once

the majority of the liquid has been removed a particle skin remains attached to

the needle (see Figure 8.5b). Similar buckling behaviour is observed for particle
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Figure 8.5 Series of movie stills showing the behaviour of a pendant water
droplet in a bath of 5 vol% ethanol and toluene upon retraction of
the water droplet with a: no fumed silica particles (95 vol% toluene)
and b: 0.2 vol% fumed silica particles (94.8 vol% toluene). The scale
bars are 2 mm.

volume fractions 0.1%, 0.3%, 0.4% and 0.5% although for the higher particle

volume fractions the bath was observed to become gel-like increasing the time

required for particle adsorption. The bath becomes gel-like because the charge-

induced repulsion between particles is reduced in non-polar liquids such as toluene

meaning that the particles can form a network in the bath. This behaviour

becomes more apparent with increasing particle content because the likelihood of

particles undergoing Brownian motion interacting with each other is increased.

This result indicates that the particles are indeed adsorbed onto the interface

although they are not densely packed because buckling was not immediate.

8.3.1 Different Solutes

To determine the important parameters for droplet sprouting and the repro-

ducibility of this behaviour the solute was changed. In this chapter the solute

is the third liquid component that is not toluene or water. Changing the

solute can change the rate of partitioning into the droplet, the final equilibrium

compositions, the interfacial tension between the two phases and the particle

interactions. The rate of partitioning and the final equilibrium composition of

the system changes for the different solutes because they have different affinities

for the two phases. The interfacial tension between the two phases also changes

with solute because again the different solutes have different affinities for each

phase. The extent of the preference of the solute for one phase over the other

varies the similarity of the two phases and thus their miscibility. Finally, the

particle interactions are altered because the degree of repulsion and attraction

between particles is determined in part by the dispersing medium (see Section
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2.1). The densities of the solutes used are very similar meaning that the density

is not a factor that will affect whether a tube sprouts or not (see Table 8.1).

All of these factors are also dependant on the volume fraction of alcohol used

and therefore a range of solute volume fractions was investigated and this data

is presented in Section 8.3.3. These experiments all involved a 50 µL droplet of

deionised water in 5 mL of a bath solution containing toluene, 0.2 vol% fumed

silica and various specified volume fractions of the solute. The solute ethanol

has previously been investigated and the phenomenon of tube sprouting observed

[3]. The solute was changed to the alcohols methanol and 1-propanol because

these have some similarities with ethanol but, due to the changing carbon chain

length, have different affinities for the two phases and therefore could change the

behaviour of the system as outlined above. The solute acetone was also used as

a first attempt at obtaining droplet sprouting for a different system.

Retraction Experiments

Initially, retraction experiments, as detailed above for the ethanol system, were

performed for the solutes methanol, 1-propanol and acetone in order to verify

that in all cases the particles are adsorbed onto the interface (see Figure 8.6).

All three systems show crumpled droplets once enough liquid has been removed,

indicative of particle-stabilised interfaces.

a

b

c

Figure 8.6 A series of movie stills showing the behaviour of a pendant water
droplet upon retraction of the water droplet for a: a bath of 0.2 vol%
fumed silica, 25 vol% methanol and toluene b: a bath of 0.2 vol%
fumed silica, 5 vol% 1-propanol and toluene c: a bath of 0.2 vol%
fumed silica, 25 vol% acetone and toluene. The scale bars are 2 mm.
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Interestingly, the particle skin for the methanol system became detached from the

needle at the end of the experiment. This behaviour is attributed to the weight

of the particle skin no longer being supported by the needle and could indicate

that there are more particles adsorbed to the interface in this instance. The

increased particle content at the interface could be due to the droplet interface

being more densely packed with particles than in the other system or, more likely,

it could simply be due to the larger initial droplet size. In addition, the water

droplet in the methanol system displayed signs of secondary emulsification where

small droplets form close to the interface (see Figure 8.6a). In comparison to all

the other systems, the water droplet in the methanol system buckled in a fairly

uniform way with wrinkles running parallel to the needle appearing. In the 1-

propanol system the water droplet displays similar behaviour to the droplet in

the ethanol system and crumples in a similar manner (compare Figure 8.6b with

Figure 8.5b). In the acetone system the water droplet appears only to crumple

right at the very end which could indicate that the particle coverage is fairly low

(see Figure 8.6c).

Methanol

Similar to the original ethanol system, a sessile water droplet in a bath of toluene,

fumed silica particles and methanol was observed to display sprouting behaviour

but only at solute volume fractions of 25 – 30% (see Figure 8.7b). A comparison

between this droplet growth and that in the ethanol system demonstrates that in

the methanol system the growth is not as uniform. The behaviour was discovered

to be different from the outset with the water droplet in the methanol-toluene

bath initially observed to expand and collapse in a series of rapid movements. This

difference can be explained using the tie lines on the ternary phase diagram of

toluene, water and methanol. These tie lines have a steep gradient indicating that,

at equilibrium, the majority of the methanol is in the water-rich phase (compare

Figures 8.7a and 8.7b). There is a steep gradient in the tie lines because methanol

has a much stronger affinity for water than toluene due to the high polarity of

methanol meaning it is more miscible with water than toluene. This affinity for

water means that a large volume of methanol partitions from the bath into the

water droplet fairly quickly.

Indeed, it becomes more obvious that a large amount of methanol moves into the

droplet when observing a water droplet in a bath of toluene and methanol without
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Figure 8.7 Ternary phase diagrams showing the regions of miscibility and
immiscibility of the systems a: Toluene-Water-Ethanol b: Toluene-
Water-Methanol c: Toluene-Water-1-Propanol and d: Toluene-
Water-Acetone. The red diamonds represents the critical point on
each diagram and the lines represent a typical tie line. The images
show movie stills of typical water droplet behaviour for a: a bath of
0.2 vol% fumed silica, 15 vol% ethanol in toluene. b: a bath of 0.2
vol% fumed silica, 25 vol% methanol in toluene. c: a bath of 0.2
vol% fumed silica, 10 vol% 1-propanol in toluene. d: a bath of 0.2
vol% fumed silica, 25 vol% acetone in toluene. The ternary diagrams
were produced from data in [8] and [19]. The scale bars are 2 mm.

particles (see Figure 8.8a). The water droplet swiftly increased in volume and

also small, jerky and rapid movements of the droplet were observed. The rapid

motion of the droplet indicates Marangoni instability behaviour as perceived for

a pendant water droplet in ethanol and toluene [37] and a sessile water droplet

in ethanol and toluene [3]. After approximately 50 seconds the droplet began

to rise upwards and fully detached from the cuvette base after 55 seconds (see

Figure 8.8a). In contrast, a sessile water droplet in a bath of ethanol and toluene

without particles was not observed to rise upwards [3]. This result indicates

that the volume of methanol partitioning into the droplet is so high that the
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Figure 8.8 Series of movie stills showing the long-term behaviour of a water
droplet in a bath of 25 vol% methanol and toluene with a: no fumed
silica particles and b: 0.2 vol% fumed silica particles. Not all images
are taken at the same height or place in the system and the scale bars
are 2 mm.

density of the entire droplet decreases to below that of toluene creating a buoyant

drop. That a particle-stabilised droplet remains at the base of the cuvette over a

period of two and a half hours (see Figure 8.8b) indicates either that the rate of

partitioning of the solute is reduced by the presence of particles on the interface

or the additional weight of the particles on the interface is sufficient to prevent

buoyancy. The former seems unlikely to cause much of an effect due to three

reasons. The first is that the interface was not observed to be densely packed with

particles because buckling did not occur instantly in retraction experiments (see

Figure 8.6a). The second is that there are interstices between the particles even at

dense packing indicating that mass transfer across the interface remains possible

(see Section 2.3). The final reason is that the whole droplet was not observed

to attempt to rise upwards after a longer delay time (see Figure 8.8b). This

reasoning indicates that either the weight of the particles prevents the droplet

from rising upwards or that the particles stick the base of the the sessile droplet

to the bottom of the glass cuvette.

The presence of a particle-stabilised interface can explain the initial behaviour

of the water droplet in a methanol-toluene bath. The upward growth can be

attributed to the methanol partitioning into the droplet and the collapse to the

rigidity of the interface preventing such an expansion (see Figure 8.9). The actual

sprouting behaviour in this system was only perceived to occur after a longer time
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and the tube was not as stable and smooth as for the ethanol system. Instead,

liquid from the droplet was observed to overspill and stream upwards and this

then slowly became particle stabilised creating a tube (see Figures 8.7b and 8.8b).

This streaming behaviour led to the formation of interesting and tortuous tubes

often with more than one tube sprouting from one droplet (see Figure 8.8b).

Therefore, the mechanism of droplet sprouting appears to be different when using

methanol as the solute compared to ethanol (see Figure 8.9). This behaviour can

again be attributed to the large volume of methanol partitioning into the droplet

leading to a decrease in density and eventual rupture of the interface allowing

streams of the water-rich phase to rise to the top of the bath (see Figure 8.9).

These tortuous tubes have a similar appearance to the tubes formed in chemical

gardens where tube-like structures grow from a metal salt in an anionic solution,

for example sodium silicate [202–204]. In chemical gardens the metal ions dissolve

into the solution, react with the silicate and form a semi-permeable colloidal

membrane around the solid metal salt. Due to osmosis, water is then pulled

through the membrane, increasing pressure within the membrane and leading to

rupture. The lower density solution inside the membrane then flows upwards

through the rupture and the metal ions form more membrane around this fluid

flow creating hollow tube structures [205, 206]. The growth behaviour in this

chapter appears fairly similar where the solute partitions in, causing a distortion

of the particle-stabilised interface which turns into upward tube growth. The

chemical garden growth is particularly comparable to the mechanism of growth

for the methanol system where a stream appeared to burst from the top of the

droplet and became subsequently stabilised by particles (see Figures 8.7b, 8.8b

and 8.9) because a buoyant stream is also often observed above the upwards

growing tube in chemical gardens [206].

For most experiments the droplet was only observed over 10 – 20 minutes but for

one experiment it was observed for approximately two and a half hours. Between

70 and 80 minutes the droplet formed and remained connected to a second droplet

at the top of the bath (see Figure 8.8b). This observation provides further

evidence for the decrease in density leading to tube sprouting. The system using

the solute methanol as opposed to ethanol required a larger volume fraction of

solute in the system before any sprouting behaviour was observed (compare 25

vol% in these experiments to 15 vol% in [3]) and the sprouting only occurred

after a longer time.
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Figure 8.9 A diagram showing the proposed mechanism for sprouting behaviour
when using methanol as the solute.

1-Propanol

In contrast, a sessile water droplet in a bath of toluene, fumed silica particles

and 1-propanol did not display any sprouting behaviour regardless of the volume

fraction of 1-propanol used (see Figure 8.7c and Section 8.3.3). Rather than

sprouting a tube, the droplet in this system simply expanded slightly in size

although there was a change in shape of the droplet from spherical to ellipsoidal

as the volume fraction of 1-propanol was increased. The behaviour of 1-propanol

in a ternary system with toluene and water is quite different to that of ethanol

and methanol (see Figure 8.7). This difference in behaviour can be attributed

to the increasing carbon chain length and therefore the decreasing polarity of

the solute. The ternary system of water, toluene and 1-propanol is what is

known as a cross system meaning that the slope of the tie lines changes sign

with the increase in solute concentration. For this particular ternary system at

low concentrations of 1-propanol there is more 1-propanol in the water-rich phase

but at high concentrations of 1-propanol there is more 1-propanol in the toluene-

rich phase (see Figure 8.7c). That this ternary system is a cross system should

not affect the results, however, because the volume fractions of 1-propanol used
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in these experiments were found to be lower than the crossing point. Instead, the

gradient of the tie lines at low volume fractions of 1-propanol in the 1-propanol

ternary system can be compared to those in the ethanol and methanol ternary

systems. The gradient of the tie line is significantly lower for the 1-propanol

system indicating that, although a higher proportion of the 1-propanol will be in

the water-rich phase, the solute is much more evenly split between the two phases.

The even split of 1-propanol between the two phases then means that there is

less 1-propanol partitioning into the water droplet suggesting not enough alcohol

is partitioning into the droplet to cause a significant solute-rich layer or increase

in volume to exert pressure on the particle-stabilised interface. Alternatively,

the lower levels of 1-propanol partitioning into the droplet could mean that the

interface is not softened enough to allow sprouting. This result indicates that

the amount of solute partitioning into the droplet is a key factor in determining

whether tube sprouting is observed.

Acetone

Similar to the 1-propanol system, no sprouting behaviour of a sessile water droplet

in a bath of toluene, acetone and fumed silica was discernible although only

a 25 vol% acetone bath was investigated (see Figure 8.7d). Again, the water

droplet only expanded slightly in size and this can be attributed to insufficient

quantities of solute partitioning into the droplet as described above. That little

solute partitions into the water droplet is more obvious for the acetone system

because the tie lines indicate that the majority of the acetone will be found

in the toluene-rich phase. Unfortunately, the data used to create Figure 8.7d

gives the compositions where the system changes from one phase to two but the

composition of second phase was not determined and therefore tie lines could not

be drawn here but the tie lines are shown in [207]. In addition, in the retraction

experiments the particle coverage of the droplet was observed to be fairly low

which could also have a detrimental effect on the sprouting behaviour (see Figure

8.6c).

8.3.2 Interfacial Tension

In addition to the phase diagram and the slopes of the tie lines, another

physical property that changes with the solute used is the interfacial tension
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Figure 8.10 A graph showing the interfacial tension values measured by the
pendant drop method between the toluene-rich and water-rich
phases at equilibrium compared to the volume fraction of alcohol in
toluene in the initial phase. These values are found using the same
conditions and constituents as in the growth behaviour experiments

and therefore this was measured to generate further understanding of the droplet

behaviour. The interfacial tension between the water-rich and toluene-rich phases

at equilibrium was measured by the pendant drop method. The equilibrium

compositions were those from the literature where the initial phases of pure water

and a binary mixture of alcohol and toluene gave a volume fraction of alcohol

in toluene in the range used in the experiments in the rest of this chapter. The

initial measurement of the interfacial tension between water and toluene was 35.2

± 0.1 mN/m which is within 5% of the literature value at 20◦C of 37.1 mN/m

[208].

The measured interfacial tension values between the equilibrium compositions of

the toluene-rich and water-rich phases for the alcohols methanol, ethanol and

1-propanol for a given initial binary volume fraction of the alcohol in toluene are

shown in Figure 8.10. For all the alcohols used, increasing the volume fraction

of alcohol led to a decrease in the interfacial tension because, with the increase

in alcohol content, the two phases become more similar and thus more miscible

with each other. The increase in the miscibility of the two phases is evident

on the ternary phase diagrams where, with an increase in alcohol content, the
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equilibrium compositions approach the critical point where the interfacial tension

goes to zero (see Figure 8.7). The different alcohols did display differences in the

magnitude of the decrease in the interfacial tension. The addition of methanol led

to the smallest decrease in the interfacial tension and the addition of 1-propanol

led to the largest decrease in the interfacial tension. This result can be explained

by the different affinities of the different alcohols for the water-rich and toluene-

rich phases. Methanol has a much stronger affinity for the water-rich phase

than the toluene-rich phase because of its high polarity due to its short carbon

chain. The high affinity of methanol for water indicates that the majority of the

methanol is found in the water-rich phase and this result is verified in both the

ternary phase diagram and the dramatic increase in volume of a water droplet

without a particle-stabilised interface in a bath of toluene and methanol (see

Figures 8.7b and 8.8a). On the other hand, 1-propanol does not display such a

strong preference for water over toluene due to its longer carbon chain and thus

lower polarity. Therefore, 1-propanol is more evenly split between the two phases

which is also demonstrated by the slope of the tie lines in Figure 8.7c and the

crossed system behaviour. The even split of 1-propanol between the two phases

leads to the two phases becoming more similar and hence the interfacial tension

is lowered more. Increasing the carbon chain length further would mean that the

affinity of the alcohol for the toluene-rich phase increases whilst the affinity for

the water-rich phase continues to decrease and thus the values of the interfacial

tension will increase again. This trend is evidenced by the alcohols with longer

chains than propanol no longer being fully miscible with water.

Insight into the growth behaviour observed for the different solutes can be gained

from these differences in the interfacial tension values. The higher interfacial

tension in the methanol systems could be used to explain why a tube was only

observed to sprout at high methanol volume fractions. The higher interfacial

tension could lead to a more rigid interface because of the reliance of the

elasticity of a particle-covered interface on the underlying interfacial tension and

the potential for more particles to adsorb to the interface and remain trapped

(see Equation 2.14) [94]. The addition of methanol may not soften the interface

enough to permit tube growth until a high volume fraction of methanol is used.

The interfacial tension values can also be used to explain the change in shape of

the water droplet from spherical to ellipsoidal with the increase in volume fraction

of 1-propanol. For any droplet there is a competition between the interfacial

tension, which works to minimise the area of the interface by maintaining a

spherical droplet, and gravity, which flattens a sessile droplet due to its own
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weight thus creating a larger interfacial area. When the volume fraction of 1-

propanol is high, the interfacial tension is very low and therefore it could be

argued that the competition is won by gravity leading to an ellipsoidal droplet.

8.3.3 Mixtures of Solutes

The physical changes that occur when one alcohol is substituted for another are

very significant. It would be useful to look at how the system responds to more

gradual changes. To this end the dependence of the growth behaviour on the

interfacial tension, the equilibrium composition and the rate of partitioning was

investigated using mixtures of solutes. The behaviour of a sessile water droplet

in a bath of toluene, 0.2 vol% fumed silica and mixtures of methanol, ethanol

and 1-propanol was observed. The bath solutions were characterised by the total

volume fraction of alcohol in the bath and the effective carbon length of the

alcohol where a 1:1 v/v mixture of ethanol and methanol would produce an

effective carbon chain length of 1.5. These mixtures contained either methanol

and ethanol or ethanol and 1-propanol. The observed droplet behaviours were

classified into groups and these groupings appear as seven distinct regions of

behaviour in Figure 8.11.

Region One: Droplet Expands

At high effective carbon chain length and extending across all the volume fractions

of alcohol region one is found (see Figure 8.11). All systems using purely 1-

propanol as the solute are found in this region and here the droplet simply expands

slightly in size (see Section 8.3.1). This behaviour can be explained by not enough

alcohol partitioning into the droplet to cause tube sprouting. This behaviour

could be due to the interface not being softened enough, the pressure on the

particle-stabilised interface not being large enough or that the density change is

not large enough to initiate tube sprouting. The large range of interfacial tension

values in this region indicate that if there is not enough alcohol partitioning into

the droplet, the droplet will not display sprouting behaviour no matter how low

the interfacial tension. This result indicates that, at least in the low interfacial

tension range, it is more likely that the smaller volume of alcohol in the droplet

means that the density change is not large enough to trigger tube sprouting.

This region also extends down to intermediate effective carbon chain length at
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Figure 8.11 A diagram showing the changes in water droplet behaviour
depending on the effective carbon chain length of the alcohol
mixtures and the initial alcohol content of the toluene phase.
The lines are guides to indicate the different regions and are not
measured. The interfacial tension at specific points is also given on
the diagram. Additionally, example images of the droplet behaviour
in each region are shown (note the differences in time scales). The
scale bars are 2 mm.
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low alcohol content and the behaviour in this region can also be attributed to

the low volume fractions of alcohol partitioning into the droplet. The interfacial

tension remains fairly high at intermediate effective carbon chain length and low

alcohol content which could affect the sprouting behaviour by creating a more

rigid interface. The observation of this behaviour combined with knowledge of

the changes in the interfacial tension can not distinguish between the different

possible explanations.

Region Two: Droplet Sprouts

Sprouting behaviour was observed at intermediate effective carbon chain length

and intermediate alcohol content and this is labelled region two (see Figure 8.11).

This behaviour has been explained previously in the introduction (see Section

8.1). The interfacial tension in this region is also intermediate and this may be a

necessary factor for a sprouting tube to grow. The intermediate interfacial tension

means that it is not so high that the interface is too rigid to soften significantly

to allow tube sprouting and not so low that the interface is too soft to support

any upward growth.

Region Three: Droplet Grows and Overspills Downwards

Remaining at intermediate effective carbon chain length but with slightly

increased alcohol content compared to region two, a new behaviour is observed

and this is labelled region three (see Figure 8.11). A tube was still observed

to sprout in this region but a stable upward growing tube was not observed.

Instead, the tube appeared to spill over down the side of the original droplet (see

Figure 8.11 image sequence 3). This behaviour could be attributed to a lower

particle coverage of the interface meaning a stable tube cannot be supported

and instead, once tube sprouting is initiated, immediate collapse of the tube is

observed. The lower particle coverage of the interface could be due to either

the drop in interfacial tension, a change in the contact angle the particles make

with the interface or a combination of these. Alternatively, the interface could be

softened too far by the lower interfacial tension since the elastic modulus of the

interface is dependent on the interfacial tension [94]. Both of these indicate that

a stable tube cannot be supported and thus the tube collapses almost instantly.

Graužinytė et al. also observed and put forward a similar explanation for this
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behaviour [3].

Region Four: Droplet Elongates

Increasing the alcohol content even further and remaining at intermediate

effective carbon chain length leads to a fourth type of droplet behaviour classified

as region four (see Figure 8.11). No sprouting behaviour was observed in this

region and instead the droplets were observed to expand, collapse, elongate and

roll to cover the base of the cuvette (see Figure 8.11 image sequence 4). This

behaviour could be explained by either the low interfacial tension softening the

interface and instigating droplet collapse or a much lower particle coverage of the

interface leading to the same result. The reasoning for a lower particle coverage

of the interface with the increase in alcohol volume fraction is given above in the

region three section. Due to the high volume fraction of alcohol in this region,

a large amount of alcohol partitions into the droplet causing a rapid expansion

in droplet size. This expansion combined with either the low particle coverage

or the low interfacial tension or possibly both means that the droplet cannot

support its shape and therefore collapses and rolls. This observation indicates

that gravity has taken over from the interfacial tension in dominating the shape

of the droplet. This behaviour was also observed for the ethanol system when

using low particle concentrations indicating that this behaviour is probably due to

a low particle coverage at the interface [3]. This collapsing and rolling behaviour

was not observed when the interfacial tension was low and only a small amount

of alcohol partitioned into the droplet (see Figure 8.11 image sequence 1). This

indicates that a significant increase in the droplet volume is required to elicit the

collapsing and rolling behaviour of a water droplet.

Region Five: Bath Gels

At low effective carbon chain length and low alcohol content a different behaviour

again is observed leading to the classification of region five. In this region, the

particle interactions become important and the bath was observed to become

viscous and gel-like. There was no growth behaviour observed for these droplets

(see Figure 8.11). This gel-like bath could be due to particle network formation in

the bath preventing straightforward droplet growth. In addition to this particle

network, the interfacial tension in this region is high which could mean that
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the rigid interface is also preventing droplet growth. The gel-like bath was also

observed in retraction experiments with 5 vol% ethanol and particle volume

fractions higher than 0.2%. In these experiments, an area of lower particle

concentration of approximately the same size as the initial pendant drop was

observed upon complete retraction. Furthermore, the fumed silica particles

dispersed in toluene alone were observed to quickly gel and the presence of the

ethanol has been found to prevent this.

The flocculation of the particles could be due to a decrease in the strength of

the repulsion between particles or an increase in the van der Waals attraction

(see Section 2.1). Given that in an oil, such as toluene, the charge stabilisation

of silica particles is much reduced it is unsurprising that the particles flocculate

when in toluene alone. The addition of alcohols to the system could improve

the strength of the repulsion between the particles. The presence of the alcohol

then could either lead to some charge stabilisation via the dispersing medium

becoming more polar or the alcohol molecules could form hydrogen bonds with

silanol groups on the particle surface. If the former were true, it would be expected

that the particles flocculate less with methanol than with 1-propanol and this was

not observed to be the case. The latter explanation fits better with the observed

trend and could be similar to charge stabilisation where it becomes entropically

unfavourable for the particles to flocculate. The adsorption of alcohols onto the

silica surface would also mean that the longer the carbon chain of the alcohol, the

more hydrophobic the particles become leading to better stabilisation in toluene.

Region Six: Droplet Expands

At higher alcohol content and still low effective carbon chain length the behaviour

changes again and this is labelled region six. The droplet was observed to

expand, attempt to sprout a tube and then collapse repeatedly (see Figure 8.11

image sequence 6). As discussed in Section 8.3.1, the rate of alcohol partitioning

into the droplet increases with the increasing volume fraction of methanol and

this could explain the rapid growth and movement of the droplet. That the

sprouting of a stable tube was not observed can be attributed to the rigidity

of the interface. The interfacial tension in region six is still higher than that

for region two where sprouting behaviour was observed and this could lead to a

more rigid interface as discussed above (see Figure 8.11). This observation then

indicates that the interface cannot be softened enough for a tube to sprout leading
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to the repeated collapsing of the droplet during an attempt to sprout a tube. This

behaviour illustrates the competition between the alcohol partitioning into the

droplet exerting pressure on the particle-stabilised interface and the rigidity of

the interface.

Region Seven: Droplet Grows and Overspills Upwards

Finally, at high alcohol content and low effective carbon chain length the last type

of behaviour is found and this is labelled region seven. Initially the droplets were

observed to behave similarly to the droplets in region six with rapid growing and

collapsing cycles. After an extended period of time, however, an upward liquid

stream was observed to burst from the droplet and subsequently become particle

stabilised. This behaviour has partly been described in the pure solute methanol

section above (see Section 8.3.1). The large volume of alcohol partitioning into

the droplet and the lower interfacial tension causes enough of a softening of

the interface to overcome the rigidity or a large enough pressure exerted on the

droplet interface to cause a rupture. This behaviour can also be compared to

that observed in region three except here the liquid streams upwards rather than

downwards. The liquid flow direction can be attributed to the large quantity of

alcohol partitioning into the droplet which lowers the density of the droplet to

below that of toluene. Indeed, in the experiment with a water droplet in a bath

of toluene and methanol without particles the entire droplet rose to the top of

the bath (see Section 8.3.1).

8.3.4 Darkfield Images

The existing proposed mechanism for droplet growth has been used to explain

the observed droplet behaviour in the previous sections of this chapter. The

observations in this chapter are consistent with the proposed mechanism but

the growth mechanism cannot conclusively be proven using them. Experiments

were undertaken to attempt to verify more parts of the sprouting droplet growth

hypothesis by using darkfield imaging of the growing droplet which highlights

areas with differing refractive indices. Since the refractive indices of toluene and

water or ethanol or methanol are fairly different (see Table 8.1), the presence

or not of a layer surrounding the droplet due to the depletion of alcohol should

be apparent. In contrast, due to the similar refractive indices of water, ethanol
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and methanol, it is not possible to observe if a layer inside the droplet is present

with this method. The existence of this layer and its subsequent movement to

the top of the droplet underlines the current hypothesis for droplet growth and

therefore it would be of great interest to find out whether or not it exists. In

order to attempt to observe this layer, Reichardt’s dye was used. Reichardt’s

dye is solvatochromic meaning that it changes colour based on the polarity of

the solute and therefore could potentially show differences in colour inside the

droplet. Unfortunately Reichardt’s dye is only sparingly soluble in water and

thus no effect was observable by eye.

Figure 8.12 shows two example darkfield experiments: one where the solute was

simply ethanol (Figure 8.12a) and one where the solute was a mixture of ethanol

and methanol (Figure 8.12b). Clearly in these experiments the droplet itself is

very bright due to scattering of light. For both systems a layer can be observed

around the outside of the droplet that is brighter than the surrounding bath

fluid. In both cases this appears to flow downwards indicating a denser phase

although this is more evident in Figure 8.12b than Figure 8.12a. This observation

indicates that there is indeed a layer of differing composition around the outside

of the droplet and this layer then travels downwards due to the layer having a

higher density than the surrounding bath fluid. This downward movement then

suggests that this bright region shows a solute-depleted layer since this would

increase the density of the phase. This result implies that there is also likely to

be a layer rich in solute around the inside of the droplet. The layer surrounding

the droplet was still apparent up the side of the sprouting tube for the mixed

solute system. In the ethanol system the layer at the base also appears to be

either gelled, particle-coated or more dense than the droplet because small falling

water-rich phase droplets remain at the interface between the layer and the main

bath (see Figure 8.12a). It is highly likely that the base layer has formed a gel-

like particle network because the concentration of solute is low here and particles

have been observed to form networks if this is the case.

Some internal motion of lighter regions inside the droplet can be observed in

the methanol-ethanol system. It is likely that secondary nucleation of toluene

droplets once inside the water-rich phase cause the observed internal lighter

regions because the refractive indices of methanol, ethanol and water are all

similar (see Table 8.1). This result indicates that once solute partitions into

the droplet there is some liquid flow and thus diffusion taking place in order

to improve mixing inside the droplet. This diffusion could in theory remove
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Figure 8.12 Series of movie stills from darkfield imaging experiments showing
the behaviour of a water droplet in a bath of a: 0.2 vol% fumed
silica, 15 vol% ethanol and toluene and b: 0.2 vol% fumed silica,
20 vol% solute (1:1 v/v ethanol:methanol) and toluene. c: Larger
reproductions of the 181 s and 217 s images from b to show the
bright layer around the outside of the droplet. The scale bars are 2
mm.

the layer rich in solute around the inside of the droplet which is hypothesised

to cause sprouting behaviour. It is possible that the existence of a layer rich in

solute is not necessary once methanol is used due to the large volume of methanol

partitioning into the droplet and decreasing the density of the entire droplet

to below that of toluene (see Figure 8.8a). That this layer was not observed

with the system where ethanol was the only solute could indicate that different
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mechanisms promote the growth of a tube in each case. The growth of the

droplet in the ethanol system could be explained by the mechanism proposed

in the introduction and the growth of the droplet in the methanol system could

occur by a similar mechanism to that of the growth of chemical gardens [205, 206].

In the growth of chemical gardens a metal salt dissolves into an anionic solution

such as sodium silicate. The reaction between the metal ions and the silicate

forms a semi-permeable membrane around the solid metal salt. Due to the

high metal ion concentration inside the membrane, osmosis causes water to

move inside the membrane, increasing the pressure within the membrane and

leading to membrane rupture. The lower density metal salt solution inside the

membrane then flows upwards through the rupture. Subsequently, the metal

ions in the upward flowing stream react with the silicate solution creating hollow

tube structures [205, 206]. The growth behaviour of the methanol system could

then be explained by the large volume of methanol partitioning into the droplet

leading to the rupture of the particle network stabilising the droplet interface.

The lower density methanol water solution then rises upwards through the rupture

and the presence of excess particles in the bath causes this liquid stream to be

subsequently particle-stabilised.

8.4 Conclusions

The hypothesis for sprouting behaviour is as follows. First, in order to reach

equilibrium, the solute partitions into the droplet. The solute movement into

the droplet leads to a layer rich in solute lining the inside of the droplet and a

layer depleted in solute around the outside of the droplet. The lower density

of the solute-rich layer causes it to rise to the top of the droplet where it

subsequently softens the rigid particle-stabilised interface. The pressure from

this layer attempting to move upwards then causes a tube to sprout.

In this chapter the validity of this hypothesis has been investigated through a

variety of experiments and some important parameters for sprouting behaviour to

occur have been determined. First it was shown that particles do indeed stabilise

the droplet interface and thus can be used in the description of growth behaviour.

A layer depleted in solute was observed around the outside of the droplet however

the presence of a solute-rich layer around the inside of the droplet has not been

verified experimentally. The motion of liquids inside the droplet, which was

observed when using methanol as a solvent, may remove this solute-rich layer
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indicating that the hypothesised growth mechanism is incorrect. The motion

of liquids was only observed for systems containing methanol and therefore an

alternative growth mechanism may only be required to describe the growth in

these systems. A growth mechanism similar to that of chemical gardens could

be envisaged where the pressure from the solute entering the droplet on the

particle-stabilised interface causes the particle network to break leading to liquid

streaming upwards. The liquid stream could then become particle-stabilised.

Finally, by the use of different solutes and mixtures of these it was found that

it is necessary to have enough solute partitioning into the droplet to exert a

pressure on the interface in order for growth to occur. It is possible to estimate

that the slope of the tie line required in order to ensure that enough solute is

partitioning into the droplet must at least be steeper than from approximately

pure toluene to 9:1 water:alcohol (see Figure 8.7). In addition, the rigidity of

the interface is an important factor in determining whether or not a tube will

sprout and this corroborates the hypothesis for tube sprouting given above where

the particle-stabilised interface must soften in order to allow tube sprouting to

occur. In this particular system an interfacial tension between 9 and 18 mN/m

is required for sprouting to be observed. This criterion is necessary but not

sufficient because sprouting behaviour was not observed for all systems with an

interfacial tension between 9 and 18 mN/m. This effect is also tied to the volume

of solute since higher volumes produce lower interfacial tensions. Too much solute

partitioning into the droplet also means sprouting does not occur because the

interfacial tension is lowered too far and the droplet becomes too large to support

its own shape.

Given these criteria are met and the density differences remain similar, the

sprouting behaviour will occur for different solutes and mixtures of different

solutes. Since sprouting was possible only with different solutes of similar density,

it can be tentatively claimed that sprouting behaviour will only occur if the solute

in the system has the lowest density.

8.5 Outlook

There are various future experiments possible to discover more about the

sprouting behaviour and how it can be exploited. To begin with it could be

interesting to study the changes in the contact angle of the particles at the

interface with the alcohol used and the alcohol content. Similar to the interfacial
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tension experiments, this will require the use of an equilibrated system. In

addition, the various methods of measuring the contact angle such as spin coating

a slide with particles and measuring the contact angle of a sessile droplet of one

of the liquids within the other and gelling one of the phases and using SEM to

visualise the particles are not generally consistent with each other and thus do

not necessarily give a true contact angle. It would also be useful to find out

how quickly the interface becomes particle-stabilised and whether or not this

has a role in the sprouting behaviour. This information could be obtained by

a series of retraction experiments where the system is allowed to equilibrate for

a range of different times before the liquid is removed. The size of the droplet

when crumpling is observed, if at all, can then be compared with the initial

size of the droplet for the different times in order to investigate this. Both of

these experiments will enable further understanding into the different droplet

behaviours with alcohol choice and alcohol content.

Next the universality of this behaviour could be determined by finding different

systems that should or should not display sprouting behaviour based on the

hypothesis outlined above. There are two possible systems to investigate. The

first systems to investigate are other systems where the solute has the lowest

density and the solute has a preference for the droplet phase which should induce

sprouting. The second systems to investigate are systems where the solute has

a density between the bath and droplet phases or a density higher than both

phases but still has a preference for the droplet phase. These experiments would

also determine whether or not the density differences are important for sprouting

behaviour. It may be a challenge to find appropriate ternary systems that satisfy

all these criteria. Furthermore, different sizes of particles or droplets could be

experimented with and also different types of particles. Additionally, it could

be interesting to investigate whether iso-propanol as the solute leads to similar

behaviour as for 1-propanol as the solute.

Finally, once the behaviour is well understood, it may be possible to reduce the

size of the droplets and exploit the behaviour for use in functional materials. It

could be possible that the growth behaviour, particularly that demonstrated when

methanol was the solute, could be used to destabilise water-in-oil emulsions as

can currently be done using stimuli-responsive stabilisers [33]. Perhaps it would

be possible to use the equilibrating behaviour in order to achieve self-directed

motion or growth of emulsion droplets as described above [195–197]. Finally, by

using a mixture of equilibrated and fresh droplets as presented in [4], it could
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be possible to induce communication or the transfer of materials between two

emulsions.
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Chapter 9

Conclusions and Outlook

This thesis has investigated some properties of liquid-liquid interfaces stabilised

by particles in three different systems. The first system presented was droplet

emulsions stabilised by rod-shaped particles and in this instance the phenomenon

of bridging particles was investigated (see Chapter 4). The second system

presented was the bijel or bicontinuous interfacially jammed emulsion gel for

which some of the mechanical properties were determined by the method of

centrifugal compression (see Chapter 5). In addition, these properties were

investigated for bijels stabilised by rod-shaped particles and the results for the

different particle shapes were compared (see Chapter 6). Finally for the bijel

system, a new method for making a bijel was investigated and the resulting

structure was examined using rheological measurements (see Chapter 7). The

final system presented in this thesis was large particle-stabilised water droplets

in a bath containing toluene and a water-miscible solvent (see Chapter 8). In

this chapter the behaviour of the water drop under different circumstances

was investigated. This final chapter will summarise the findings of the results

chapters.

In Chapter 4 the behaviour of emulsions stabilised by rod-shaped particles was

investigated. It was observed that the rods stabilised emulsions by forming

bridges between oil droplets regardless of the shear rate, aspect ratio or particle

content. This behaviour was attributed to the rods being strongly charged and

hydrophilic which limits the number of rods at the droplet interface and allows

the sparsely covered oil droplets to form bridges when they collide. Indeed,

conventional emulsions were observed at a pH of approximately 2, when silica

243



surface groups are no longer dissociated and therefore the surface charge of the

rods is removed. Further evidence for the droplets not being fully coated in

particles was that the droplet size in the conventional emulsion was much larger

than the droplet size in the bridged emulsion despite the presence of excess rods

in the continuous phase for the latter. That the droplets were not fully coated

with particles was further substantiated by the limited change in the size of the

droplets in the bridged emulsion with changing particle content. Calculations

of the possible droplet size indicated that for a fully coated interface much

larger droplets than those observed would be expected. In the bridging region

the majority of rods were observed to align perpendicular to the interface and

therefore the aspect ratio could influence the strength of the bridged emulsions.

Despite this, the aspect ratio was not observed to influence whether a bridged

emulsion formed. In order to investigate the influence of particle aspect ratio,

bridged emulsions stabilised by either long or short rods were placed under

gentle shear. It was observed that the emulsion stabilised by the short rods

was destroyed and this result was attributed to the bridges breaking and the

oil droplets undergoing coalescence because they were not fully coated with

particles. However, the emulsion stabilised by the long rods was not destroyed

and the bridging remained intact indicating that the aspect ratio does play a

role in the strength of the bridging. Further experiments with the short rods

indicated that there is a competition between bridge forming, bridge breaking and

coalescence because mixed emulsions containing both clusters of bridged droplets

and larger fully coated droplets were observed. It would be interesting to find out

whether bridging is a universal effect for rod-shaped particles, whether rod-shaped

particles form bridges more easily than spherical particles and to conduct more

thorough investigations into the strength of the bridged emulsions. In addition,

collaborators are currently carrying out Lattice Boltzmann simulations of charged

rods at liquid interfaces in support of this experimental work.

In Chapter 5 the mechanical properties of the sphere-stabilised bijel were

investigated by centrifugal compression. The bijel was found to be relatively

easily deformed leading to the formation of an anisotropic sheet-like structure.

The formation of the anisotropic structure is hypothesised to be a consequence

of the unjamming and re-jamming of the particles at the interface. The density

difference between the liquids and the particles causes the particles to be dragged

down towards the cuvette base during centrifugation. The interface is dragged

with the particles because of the high interfacial trapping energy leading to

an unjamming at the interface but once the stress is removed the particles re-
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jam creating an anisotropic structure. The response of the bijel to centrifugal

compression was compared to that of the monogel, which is the continuous

particle network formed by stabilising a bijel in the remixed partially miscible

liquids. It was found that the unjamming and re-jamming mechanism requires

an interface to occur because the structure of the particle network in the monogel

did not change and the monogel had a higher resistance to compression than

the bijel. For samples centrifuged at low angular acceleration there remained

an isotropic structure at the top of the compressed sample that falls down as

the structure beneath it becomes anisotropic. The presence of an isotropic

structure after centrifugal compression indicates the presence of an internal yield

stress at which the structure irreversibly deforms. Macroscopically, the bijel

was observed to be compressed regardless of the angular acceleration used for

centrifugal compression. The initial compression was linked to the permeability

of the structure which describes the ease with which liquids can leave. Therefore,

samples with smaller domain sizes were found to be more resistant to compression.

It was found that air bubbles, which rise during centrifugation and create channels

of destruction right to the top of the bijel, increase this initial permeability

because they provide a faster route for liquid escape. The negative feedback

effect, where the compression rate was observed to slow down with increasing

centrifugation time, can be attributed to the formation of the anisotropic

structure because it becomes more difficult for the liquids to exit as the structure

becomes more anisotropic. The method of centrifugal compression could be used

to test for ways to make stronger or more robust bijels as would be required for

applications.

In Chapter 6 the results of the centrifugal compression of bijels stabilised by rod-

shaped particles were compared to those from the bijels stabilised by spherical

particles in Chapter 5. These experiments were performed to determine whether

or not the use of anisotropic particles could increase the bijel stability and

strength as has been observed for droplet emulsions [66]. It was observed

that under gravity the collapse of a bijel stabilised by 3 vol% rods was slower

than the collapse of a bijel stabilised by 5 vol% spheres. Despite this, under

centrifugal compression rod-stabilised bijels and sphere-stabilised bijels with the

same interface separation displayed the same collapse rate. This result indicates

that in centrifugal compression the permeability of the structure is the most

important factor in determining the compression. Similar to the sphere-stabilised

bijels, rod-stabilised bijels were also observed to form an anisotropic structure

under centrifugal compression. For the rod-stabilised bijels, the anisotropic
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structure was observed to be formed more easily than it was for the sphere-

stabilised bijel. The rod-stabilised bijel forming an anisotropic structure more

easily could be a consequence of the ability of rods to rotate at the interface to

relieve the applied stress [71] because this rotation could instigate the unjamming

of the particles. The particle shape could then be used as a parameter to tune

the bijel to obtain the optimum properties for a given application. The rod-

stabilised bijels had inferior structures compared to the sphere-stabilised bijels

and therefore further work is needed to improve the bijel structure and make

more reliable comparisons.

In Chapter 7 a bijel made by a new method involving simply mixing glycerol,

silicone oil, silica particles and CTAB surfactant was investigated. The method

for making the bijel was developed by others [2] but some of the important

parameters were explored in this thesis. It was found that the combination of

surfactant and particles was necessary in order to create the bijel and that the

particles at least need to be hydrophilic because surfactant adsorption makes

them more hydrophobic. The structures were only stable for long periods of time

if the domains were small and the glycerol phase contained many small particle-

stabilised silicone oil droplets to decrease the density mismatch. In addition,

a two-step mixing protocol was required in order to form stable bicontinuous

structures. Next the rheological properties were investigated in line with the aims

of this thesis. It was observed from amplitude sweeps combined with confocal

microscopy imaging that this bijel displays two-step yielding. At the first yielding

step the structure was observed to start moving and distorting the interface in

the process but the connections between domains remained intact. At the second

yielding step the connections between domains were broken and the structure

was destroyed. That the first step is possible could be because the presence of

surfactant in the system means that the particles at the interface are not jammed

in the same manner as for the original bijel and therefore the interfaces are more

fluid. Squeeze flow experiments indicated that the yield stress of this bijel is

either non-existent or very small. The very small value of the yield stress from

the squeezing experiments was found to be comparable to the stress at the first

yielding step in the oscillatory shear experiments. This value is much smaller than

that hypothesised for the original bijel [25] and found from the internal yielding

of the bijel during centrifugal compression (see Chapter 5). Again, this difference

between the bijels made by different methods could be because the particles at the

interface in the bijel formed by mixing are not jammed making the interface more

fluid. Further evidence for this possibility is in the observation that the storage
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and loss moduli of droplet emulsions with a particle network in the continuous

phase were at least an order of magnitude larger than those for the bijel. Further

investigation into the method of making the bijel in this manner, including the

universality of the particle-surfactant combination for stabilising the structure,

is required. In addition, functional materials could be made with a bicontinuous

structure by using functional nanoparticles to stabilise the interface.

In Chapter 8 the sprouting behaviour of particle-stabilised water droplets in a

bath of toluene and solute was investigated. The reasoning for the sprouting

behaviour given in [3] was that the solute partitioning into the droplet leads to

a layer rich in solute lining the inside of the droplet and a layer depleted in

solute surrounding the outside of the droplet. Due to density differences the

solute-rich layer rises to the top of the droplet resulting in a localised reduction

in the interfacial tension and therefore a decrease in the rigidity of the interface

at the top of the droplet. The solute-rich phase can then continue to rise and

sprout a tube [3]. In this thesis it was observed that there exists a layer depleted

in solute surrounding the outside of the droplet however when using methanol

as the solute some mixing occurs inside the droplet which would remove the

solute-rich internal layer. The sprouting behaviour was observed to be quite

different when methanol was used as the solute and this could indicate a different

sprouting mechanism occurs for this system. This mechanism could be similar to

the observed mechanism for tube growth in chemical gardens [205, 206] where the

liquid bursts out of the initial droplet and streams upwards to be subsequently

stabilised by particles. The key parameters required for sprouting behaviour

to occur were found to be having enough solute partitioning into the droplet

and an intermediate interfacial tension. A balance needs to be achieved where

enough solute enters the droplet to induce tube sprouting but the interface is

not too rigid, and therefore prevents growth, or too soft, and therefore cannot

support growth. These two parameters are tied together because the interfacial

tension decreases as the solute in the system increases. It would be interesting to

investigate whether it is possible to use this effect in emulsions to create smart

systems: for example by designing emulsions that can be destabilised by the

addition of a solute.

In conclusion this thesis has explored some of the properties of particle-stabilised

interfaces. As with much of the work before this thesis, it has been observed

that the presence of particles at the interface can change the behaviour of a

system and that even the shape of the particles may be important. For example,
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the bridges formed by long rods were more stable than the bridges formed by

short rods. Additionally, bijels stabilised by rods had a slower rate of collapse

under gravity but were more easily deformed into an anisotropic structure under

centrifugal compression than bijels stabilised by spheres. The nature of the

particle-stabilised interface also appears to be of great importance because the

bijel made by mixing, which has a flexible interface stabilised by a combination of

particles and surfactants, had a significantly lower yield stress than the original

bijel, which has a fully jammed particle-stabilised interface. The observations

from this thesis could be useful in the development of systems, such as the bijel,

for specific applications.
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Appendix A

Bijel Characterisation and

Reproducibility

This appendix contains data from Chapter 5 reconfigured to explain the method

used for domain size characterisation and to determine bijel reproducibility. The

non-equilibrium nature of the bijel means that with only small changes in the

parameters it is fairly easy to form a droplet emulsion as opposed to a bijel.

The bijel reproducibility is another factor that needs to be clarified before the

bijel can be used for specific applications. In addition, it would be worthwhile

investigating how to improve the reproducibility of the bijel and ways to make not

only more reliable but also better structures. If there was enough data, it would

have been interesting to compare the bijel reproducibility for sphere-stabilised

bijels and rod-stabilised bijels and also the bijels made by direct mixing.

The materials and the method used for making the bijels investigated in this

appendix are given in Section 3.1.3 and Section 5.2.

A.1 Characterisation of the Bijel

In this section two different methods for characterising the bijel domain size will

be discussed and compared. The first of these is the method used in Chapters

5 and 6 where a pixel counting algorithm in MATLAB (Mathworks), that was

developed by Matthew Reeves, is employed to find the interface separation. Here,

this will be referred to as the the intensity correlation function method. The
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second method presented here takes the fast Fourier transform (FFT) of an image

of the bijel structure and finds the full width half maximum (FWHM) of the

intensity peak similar to the method used to quantify the anisotropic structures

(see Section 3.4.2). This will be called the Fourier transform method.

The intensity correlation function method finds the domain size of the bijels by

first turning the image of one of the liquid domains into an array of numbers that

denote the intensity of the pixel it represents. The product of the intensity values

(Ii× Ij) for pixels a specified distance apart was then calculated. The average of

the products for all the pixel pairs this distance apart was calculated next. This

is described mathematically as

ID =

∑
|i−j|=D

Ii × Ij

N
(A.1)

where Ii and Ij are pixel intensities at location i and j respectively, ID is the

average intensity value at a given distance D and N is the number of products

taken. This step was repeated for the different distances and a graph of the

product of intensities with the distances between pixels can be drawn (see Figure

3.3). The first minimum in this graph then represents the interface separation

because the minimum occurs when the two intensities multiplied together are a

small number and a large number. Therefore, the majority of the pixel pairs have

one light pixel and one dark pixel and the interface must have been crossed in

the majority of cases. The interface separation for one sample was then taken to

be the average of the interface separation values from all the different images of

that sample.

In previous work the FFT of confocal microscopy images have been analysed by

radially averaging the intensity values in the FFT and using the location of the

knee shape in the log-log plot to characterise the interface separation [25]. In

the experiments performed in this thesis the knee shape was not always observed

and therefore an alternative method was developed. First, the intensity peak in

the FFT in both the horizontal and vertical directions of the image was obtained

using the same method as detailed in Section 3.4.2. The peaks were fitted using

the sum of two Lorentzians and from this the full width half maximum of the

peak can be determined (see Section 3.4.2). The average value from the different

directions within an image and all the different images was then taken, converted

back into real space and this was used as a scale for the domain size.
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Figure A.1 A graph showing the values obtained for the interface separation of
bijels from the Fourier transform method compared to those from
the intensity correlation function method. The confocal microscopy
images in the coloured boxes show the structure of the ethanediol-
rich phase for the interface separation values within the respectively
coloured boxes on the graph. The scale bars are 50 µm.

The comparison between the domain size values obtained from the Fourier

transform method and the intensity correlation function method is shown in

the graph in Figure A.1. It can be observed that generally the values from

each method scale approximately linearly with each other. This indicates that

either method could be used to give the interface separation but there are some

discrepancies between the two methods. These are where similar values are

obtained using one of the methods but very different values are obtained using

the other and some examples are highlighted in Figure A.1 by coloured boxes.

The corresponding confocal microscopy images for the data contained in these

coloured boxes are shown in Figure A.1 in a box of the same colour and in the

same order as the data on the graph.
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The samples in the blue box have similar domain sizes from the intensity

correlation function method but different domain sizes from the Fourier transform

method (see Figure A.1). The confocal microscopy images indicate that the

sample with the larger domain size from the Fourier transform method has large

dark nitromethane domains and small bright ethanediol domains. Whereas the

sample with the smaller domain size from the Fourier transform method has small

dark nitromethane domains and large bright ethanediol domains. Despite this,

both samples appear to have similar average domain sizes. This indicates that

if the domains are uneven, the intensity correlation function method finds the

average domain size. On the other hand, if the domains are uneven, the Fourier

transform method distinguishes between the light and dark domains by finding

the size of the dark regions. This means that the Fourier transform method can

be used to distinguish between different types of bijel structure.

The samples in the pink and orange boxes both have similar interface separations

in the Fourier transform method but different interface separations in the intensity

correlation function method (see Figure A.1). The images from the samples in

the pink box show that the domain size does appear to increase going left to

right and this result correlates with the increase in the domain size from the

intensity correlation function method. The leftmost sample in the pink box also

has slightly larger dark nitromethane domains then the other samples which is

reflected in the slightly higher value of the interface separation from the Fourier

transform method. This trend is also observed for the samples in the orange box

with the leftmost sample showing the smallest domain size and the rightmost

sample showing the largest domain size. It is worth noting that the rightmost

sample in the orange box has an inferior bijel structure compared to all the other

samples. In both the pink box and the orange box, the middle two samples clearly

contain droplets and the presence of these could lead to either method resulting

in a smaller domain size than the actual value from the structure. Despite this,

in both the pink and orange boxes the trend in domain size follows that given by

intensity correlation function method.

Overall, the data indicates that the intensity correlation function method is

more accurate than the Fourier transform method at calculating the interface

separation. That said, interesting information on the structure of the bijel could

still be obtained from the Fourier transform method and this could be used as a

quantitative measure of whether or not a bijel has been formed. For the reasons

given above, the intensity correlation function method was used to determine the
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domain size for the bijels in Chapters 5 and 6. It remains possible that droplets

in the structure skew the results for the interface separation and therefore care

should be taken when determining the domain size. It was also observed that

the size of the standard deviation from the intensity correlation function method

shown by the error bars scale with the quality of the structure and this scaling can

be attributed to the different images for one sample containing slightly different

structures when the structure is worse.

A.2 Reproducibility of the Bijel

In order to obtain the data for Chapter 5, a large number of bijel samples had to

be produced and this data is utilised in this section in order to comment on the

different factors affecting whether or not a bijel is formed. Any data where there

was a known reason for bijel failure, for example ethanediol adsorbing water, were

removed from the analysis. An exception to this was the samples that were used

in experiments finding the correct mass of HMDS required which are included in

Figure A.2 to demonstrate the importance of having particles with the correct

wetting properties for making a bijel.

The distribution in the mass fraction of HMDS
(

MHMDS

MHMDS + MParticles

)
in the

particle modification step is shown in Figure A.2 and split into samples that form

bijels and those that do not. This was determined by looking carefully at the

confocal microscopy images of each sample and deciding how good the structure

was and therefore it is possible that some samples have been wrongly classified. A

more systematic approach could be envisaged where the interconnectivity of both

the liquid phases is determined. The data has been further split into samples

stabilised by the first batch of particles and samples stabilised by the second

batch of particles because different mass fractions of HMDS were required. This,

in combination with the narrow distributions in the HMDS mass fraction leading

to bijel formation, indicates that the particle wetting is crucial in forming a

bijel. In addition, this indicates that there is batch to batch variability in the

particle surface chemistry and this variability would make it difficult to scale

up the process for applications. In all further analysis only samples stabilised

by particles from the second batch will be considered due to the difference in

wettability and because there were significantly more samples stabilised by the

second batch of particles.
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Figure A.2 A box plot showing the distribution in the mass fraction of HMDS
added in the particle modification step with particle batch and
whether or not the resulting particles stabilised a bijel. The whiskers
represent the maximum and minimum values, the diamond symbols
represent the actual data and the square symbols represent the mean
value of the data.

The aim for all of the samples made was simply to make consistent, good quality

bijels and therefore there were no deliberate changes to the quantities used for

particle modification or making the bijel once the correct HMDS mass fraction

was found. Despite this, there was still some variation due to human error and

Figure A.3 shows three scatter plots comparing the HMDS mass fraction, the

mass of ammonia solution and the nitromethane mass fraction with blue diamonds

signifying failed samples and pink diamonds signifying successful samples. This

indicates that there is a remarkably large range of compositions at which it is

possible to form bijels. This is particularly evident in the mass of ammonia

solution used in the particle wetting step that produced successful samples varying

from approximately 0.69 g to 0.75 g. Given that the role of the ammonia solution

in the particle modification step is to create basic conditions, it is encouraging that

a successful bijel can be made when using a range of masses of ammonia solution.
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Figure A.3 a: A graph showing the changes in the HMDS mass fraction added
in the particle modification step with changes in the nitromethane
mass fraction and whether or not the sample formed a bijel. b:
A graph showing the changes in the ammonia solution mass added
in the particle modification step with changes in the nitromethane
mass fraction and whether or not the sample formed a bijel. c: A
graph showing the changes in the HMDS mass fraction added in
the particle modification step with changes in the ammonia solution
mass added in the particle modification step and whether or not the
sample formed a bijel.

More surprising is the range of nitromethane mass fractions that produce a

successful bijel because it would be expected that only very close to the critical

composition (64 wt%) would this be achieved. It would be of great interest to

test the boundaries of these compositions further to determine exactly how far

from ideal the components can range before bijels are never successful. Generally,

when the conditions were further from the ideal ones, more unsuccessful bijels

were found. However, there was still a fairly large number of samples that were

not successful using the ideal conditions. Some of this could be due to using

different volume fractions of particles to stabilise the samples because this was

observed to change the mass fraction of HMDS in the particle modification step

required to form a successful bijel. This effect could be due to an increase in the
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Figure A.4 A graph showing the changes in the HMDS mass fraction in the
particle modification step with changes in the nitromethane mass
fraction and whether or not the sample formed a bijel in order
to compare the first (upright triangles) and second (downward
triangles) samples made from the same bijel premix.

number of particle clusters with the increase in particle volume fraction however

no clear trend between the HMDS mass fraction for successful bijels and the

particle volume fraction was observed.

In order to investigate this further, the success rate of pairs of samples that

came from the same bijel premix were compared. These samples had the same

mass fraction of HMDS, the same mass of ammonia solution, the same mass of

particles and the same nitromethane mass fraction. The comparison is shown

in Figure A.4 where the upright triangles denote the first sample made and the

downward triangles denote the second sample made from the same premix. As

before, the pink triangles represent successful samples and the blue triangles

represent unsuccessful samples. The graph shows that samples from the same

premix do not necessarily form the same structure with some instances where

one sample formed a successful bijel but the other did not. That this is possible

implies that there exists a finite probability of bijel failure. It is worth noting
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that the first sample was made directly after the bijel premix was taken out of

the ultrasonic bath but the second sample was only made after the first had

been quenched meaning that the bijel premix had been sat on the hotplate for a

couple of minutes. Despite this, there seems to be fairly equal numbers of first

sample failures compared to second sample failures when one sample from the

premix was successful indicating that the observed effect cannot be explained by

this. It is also possible that there were slight differences in the temperature of

the cuvette, the quench rate and the quench temperature none of which were

explicitly measured. Deliberate changes to these parameters could be used to

determine whether there exists a finite probability of failure or whether this is

controlled by any of the above parameters. A finite probability of failure would

have consequences for the use of the bijel in applications.

Overall this data indicates that it is of the utmost importance to have the

correct wetting characteristics of the particles in order to successfully make bijels.

Additionally, there also is a range in both the composition of components in the

particle modification step and the ethanediol–nitromethane liquid composition

that can lead to a successful bijel. Despite this, there appears to be a finite

probability of failure even for samples that were made from the ideal composition.

The need for precision in the wetting characteristics and the finite failure rate

would make it difficult to use the bijel in applications. Therefore, further work

in this area is necessary if applications for the bijel are ever to be realised.
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